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ABSTRACT
PHYSICOCHEMICAL STUDIES ON THE CATALYTIC AND REGULATORY 
SUBUNITS OF RIBONUCLEOTIDE REDUCTASE FROM CALF THYMUS
by
ROBERT JOSEPH MATTALIANO 
U n ivers ity  o f  New Hampshire, December 1982
The c a t a ly t i c  (M2) and regulatory  (M1) subunits o f  c a l f  thymus
r ib on u cleotid e  reductase have been p u r if ied  to  homogeneity. Each runs
as a s in g le  band in SDS-polyacrylamide g e l  e le c tr o p h o r e s is  with
polypeptide molecular weights of 84,000 for M1 and 58,000 for M2.
A d d it io n a l  e v id e n c e  fo r  hom ogeneity  was o b ta in e d  u s in g  h igh
performance l iq u id  g e l  chromatography. The n a tive  M1 subunit i s
predominately monomeric (R = 37 A) under experimental con d it ion ss
while the M2 subunit i s  o ligom eric (R = 53 A). The quaternarys
s t r u c t u r e  o f  th e  n a t iv e  M2 p r o t e in  was e v a lu a te d  by c h em ica l  
c r o s s - l in k in g  with dimethyl suberim idate. The r e s u lt s  demonstrate 
that n a tive  M2 protein  e x i s t s  in a dimer-tetramer equ ilibrium . The 
amino acid composition o f  the complementary subunits o f  the ribo­
nu cleo tid e  reductase has been determined. S ig n i f ic a n t  com positional  
homology e x i s t s  between the M1 polypeptide and i t s  IE. c o l i  (B1) 
counterpart. However, comparative a n a ly t ic a l  peptide mapping rev ea ls  
that the M1 and B1 polypeptides have d i f f e r e n t  primary s tr u c tu r e s .
Atomic absorption a n a ly s is  in d ic a te s  that protein  M2 contains 3
g-atoms Fe/mole monomer, in con trast  to the 1 g-atom Fe/mole monomer
reported for protein  B1. The r o le  o f  prote in  M2 a sso c ia ted  iron i s  
not yet c le a r ,  s in ce  addition  o f  exogenous iron to  r ib on u cleo tid e  
reductase preparations r e s u l t s  in a nearly  tw o-fo ld  enzyme a c t iv a t io n .  
The M2 subunit has a UV-visble absorption spectrum with a major peak 
at 404 nm but t h i s  spectrum i s  d i f f e r e n t  from that o f  the B2 subunit  
o f  E. c o l i  r ib o n u c leo tid e  reductase. This chromophore i s  a lso  
observed in in ta c t  c a l f  thymus enzyme preparations. Addition o f  ATP, 
a p o s i t iv e  a l l o s t e r i c  e f f e c t o r ,  to in ta c t  enzyme r e s u l t s  in an 
increase  in the e x t in c t io n  c o e f f i c i e n t  o f  the v i s i b l e  chromophore. 
This sp e c tra l  enhancement may r e f l e c t  a s h i f t  in equilibrium  toward an 
a c t iv e  protein  M1-M2 complex and/or a s tru c tu ra l  change at the
chromophore. EPR spectro sco p ic  experiments at 77 K did not d e te c t  a 
free  rad ica l sp e c ie s  in the c a l f  thymus enzyme analogous to  that which 
occurs in the E. c o l i  r ib o n u c leo tid e  reductase. Thus, s ig n i f i c a n t
d i f f e r e n c e s  between th e  r i b o n u c l e o t i d e  r e d u c t a s e s  from t h e s e  
eukaryotic and prokaryotic sources are in d ica ted .
x iv
I .  INTRODUCTION
The conversion o f  r ib on u cleosid e  diphosphates to the correspond­
ing 2 '-deoxyr ib on u cleotid e  i s  cata lyzed  by r ib o n u c leo t id e  reductase in  
combination with th io red o x in , th ioredoxin  reductase , and NADPH. The 
r ib on u c leo tid e  reductase system a lso  requ ires  the presence o f  a p o s i­
t iv e  a l l o s t e r i c  e f f e c t o r  (ATP) and other co fa c to rs  (adenosylcolbalam in  
2+  2+or Fe , Mg ) .  Thioredoxin, a protein  which con ta in s  a d i t h i o l ,  
serves as a source o f  reducing eq u iv a len ts  during the c a t a ly t i c  
p rocess. I t  i s  recycled  by the action  o f  the f la v o p r o te in , th io r e ­
doxin reductase. The u ltim ate  hydrogen donor for the r ib o n u c leo tid e  
reductase system i s  NADPH (Figure 1).
The reduction o f r ib o n u c leo tid e  precursors i s  a c r i t i c a l  and 
r a te -c o n tr o l l in g  s tep  in the DNA sy n th e t ic  process and u lt im a te ly  c e l l  
d iv i s io n .  Ribonucleotide reductase a c t i v i t y  has been found to paral­
l e l  the r a tes  o f  DNA r e p l ic a t io n  (Turner e t  a l . , 1968) and c e l l  pro­
l i f e r a t i o n  in the development o f  in v erteb ra tes  (Noronha ej; _ a l. , 1972; 
de P e t r o c e l l i s  and R ossi,  1976), amphibians (Tondeur-Six e t  a l . ,  
1975), and mammals (Elford e t  a l . , 1970; Hopper, 1972; M illard , 1972; 
Cory, 1975). For cu ltured  mammalian c e l l s ,  the a c t i v i t y  o f  ribonu­
c le o t id e  reductase has in addition  been found to be re la ted  to that
fra c tio n  o f  the c e l l  population sy n th es iz in g  DNA, e . g . ,  c e l l  cy c le  
dependent (Turner e t  a l . ,  1968; Murphree e t  a l . ,  1969).
1
Figure 1. The r ib on u c leo tid e  reductase system.
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R e d u c ta se
NAOP+ NADPH + H +
4The f i r s t  in d ica tion  o f a mechanism for the production o f  deoxy-
r ib o n u c leo tid es  d ir e c t ly  from r ib o n u c leo tid es  was the r e s u lt  o f  an
15in v e s t ig a t io n  performed using ra ts  in jec ted  with [ N ]-c y t id in e  (Ham- 
m erstein e t  a l . ,  1950). S ig n i f ic a n t  incorporation o f  la b e l  occured 
not only in RNA but a lso  in DNA pyrim idines. This r e s u l t  suggested  
the e x is ten ce  o f  a conversion mechanism o f  r ib ose  to  deoxyribose when 
the sugar contained an N -g ly co s id ic  linkage and was c o n s is te n t  with 
the observation (Bendich, G etler ,  and Brown, 1949) that fr e e  c y to s in e  
could not be u t i l i z e d  d ir e c t ly  in DNA s y n th e s is .  Confirmation o f  t h i s  
hypothesis  was obtained using r ibonucleoside  precursors which con­
tained separate rad io iso top e  la b e ls  in the base and sugar m o ie tie s
(Rose and Schweigert, 1953). N ucleosides labeled  with radiocarbon
14were iso la te d  from Euglena g r a c i l i s  grown on CO .^ After p urify ing  
the labeled  c y t id in e  from a lg a l  e x tr a c ts ,  the base and sugar m o e it ie s  
o f  the nucleoside were separated and th e ir  r e sp e c t iv e  s p e c i f i c  ac­
t i v i t y  determined. I t  was demonstrated that t o t a l l y  lab eled  c y t id in e ,  
a fte r  incorporation in to  ra t  DNA or RNA, had the same s p e c i f i c  a c t iv ­
i ty  r a t io  as that prior to in je c t io n  in to  the animal. This r e s u lt  
ind icated  that 1) the incorporation  o f  pyrimidine n u cleosid es  in to  RNA 
and DNA occurred without prior cleavage o f  the g ly c o s id ic  l inkage and 
2) a mechanism ex is ted  for the conversion o f  n u c leo s id y l  r ibose  to  
d e o x y r ib o s e .  The l a t e r  d i s c o v e r y  o f  an enzyme, r ib o n u c l e o t i d e  
reductase , in e x tra c ts  o f c o l i  (Reichard _et _al. ,  1961) capable o f  
converting c y t id in e  diphosphate to the corresponding deoxyribonu-  
c l e o t i d e  c l a r i f i e d  th e  second o b s e r v a t io n  m entioned above.
During the two decades from the early 1960’ s to the p resen t, the
5enzymatic reduction mechanism for r ib o n u c leo tid es  and the p rote ins  
which ca ta ly ze  th is  reaction  have been in te n s e ly  stud ied  (Reichard, 
1968; Thelander and Reichard, 1979). Ribonucleotide reductase systems  
appear to  be ubiquitous in  nature and have been observed in numerous 
t i s s u e  types from d i f f e r e n t  taxonomic kingdoms.
R ibonucleotide reductase has been most e x te n s iv e ly  stud ied  in two 
microorganisms, E sch er ic ia  c o l i  and L a cto b a c il lu s  le ich m an n ii . The 
enzymes frcm these sources exemplify the two major c la s s e s  o f  ribonu­
c le o t id e  reductases . Other types as w ell have been observed and are 
also  l i s t e d  in Table I .  Although these enzymes ca ta ly z e  the same 
r e a c t io n ,  ind iv idua l enzyme p rop ert ies  are s u f f i c i e n t l y  d i s t i n c t  to  
warrant separate c a te g o r iz a t io n .  Accordingly, i t  i s  u se fu l  to c la s ­
s i f y  r ib on u cleo tid e  reductase types on the b a s is  o f  1) co factor  re­
quirements and 2) the observed occurrence o f  negative  a l l o s t e r i c  e f ­
f e c to r s .
Manganese Requiring R ibonucleotide Reductases
In cer ta in  gram p o s i t iv e  b a c te r ia ,  manganese d e f ic ie n c y  has been 
shown to  produce unbalanced growth, filam entous morphology, and the 
arrest  of DNA but not RNA or protein  sy n th es is  (Webley e t  a l . ,  1962; 
Oka e t  a l . , 1968). These e f f e c t s  had been a ttr ib u ted  to manganese- 
con tro lled  DNA precursor b io sy n th e s is  (Auling and Follmann, 1980). A 
manganese r e q u ir in g  r i b o n u c l e o t i d e  r e d u c ta se  has r e c e n t l y  been  
rep o rted  to  occur in th e  coryneform  b a c t e r i a ,  B r e v ib a c te r iu m  
ammoniagenes and Micrococcus lu teu s  (Schimpff-Weiland e t  a l . ,  1981). 
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7when incubated with the preferred Mn2+ co fa c to r .  In preparations
which were not Mn2+ d ep le ted , exogenous Mg2+ stim ulated enzymatic
a c t i v i t y  to the same degree as added Mn2+. This suggested that Mg2+
ion may e x h ib it  a second type o f  in te r a c t io n  with the r ib o n u c leo tid e
red u ctase . Deoxyadenosylcolbalamin did not s tim u la te  the enzymatic
a c t i v i t y .  The guanosine n u c leo t id es  were the best su b str a tes  (GTP; 
-5K =2 X 10 , at pH 7 .5 )  and the enzyme fr a c t io n  was caDable o f  r e -m
ducing both GDP and GTP at comparable r a te s .  However, t h i s  dual
s p e c i f i c i t y  may have been due to contaminating n u cleo tid e  k in ases  or 
phosphatases in the c e l lu la r  e x tr a c t .  The e x is te n c e  o f  negative  a l -  
l o s t e r i c  e f f e c t o r s  was not reported .
Adenosylcolbalamin Requiring R ibonucleotide Reductases 
The second category o f  r ib o n u c leo tid e  reductases are character­
ized  by an absolute requirement for a 5 '-deoxy-5 '-adenosy lco lbalam in  
c o fa c to r .  These vitamin B .^-dependent r ib on u c leo tid e  reductases  (E.C. 
1 .1 7 .4 .2 )  c a ta ly ze  the reduction o f  r ib on u cleosid e  d i -  or tr ip h o s­
phates. The most w ell characterized  example o f an enzyme in t h i s  
group i s  the r ib on u cleo tid e  reductase from L a cto b a c il lu s  le ich m an n ii . 
The requirement o f  vitamin for  deoxyribonucleotide b io sy n th e s is
was f i r s t  demonstrated using crude L. leichm annii e x tr a c ts  and CTP as 
su b stra te  (B lakely  and Barker, 1964). R ibonucleotide reductase from 
th is  source was subsequently p u rified  to homogeneity and a d e ta i le d  
s tu d y  o f  i t s  p h y s ic a l  n a tu re  and r e a c t io n  mechanism undertaken  
(Goulian and Beck, 1966). This preparation was shown to be capable o f  
reducing a l l  four r ib on u cleosid e  tr ip h osp h ates .
8R ibonucleotide Reductase from L. leichm annii 
Stru ctu ra l Features
The enzyme i s  a monomer with a molecular weight o f  76,000 and 
s 20 W (panagou e t  a l . ,  1972; Chen e t  a l . ,  1974). A vailab le
s tru c tu ra l  information on the protein  i s  summarized in Figure 2 
(Thelander and Reichard, 1979). A common binding s i t e  for p o s i t iv e  
a l l o s t e r i c  e f f e c to r  deoxyribonucleoside tr iphosphates has been demon­
stra ted  with Kd 'S ranging from 9 uM to  80 uM (Chen e t  _al. ,  1974; Singh 
e t  a l . ,  1977). R ibonucleoside tr iphosphates  a lso  in te r a c t  with t h i s  
regulatory  s i t e  but with an a f f i n i t y  severa l orders o f  magnitude 
lower. Demonstration o f a sub strate  binding s i t e  i s  not p o s s ib le  by 
equilibrium  d i a l y s i s  technique because k in e t ic  measurements have shown 
that the apparent Km for GTP i s  as high as 0.24 mM. However, deoxy-  
r ib o n u c leo tid es  d isp la y  l i t t l e  product in h ib it io n ,  an observation  
c o n s is te n t  with the e x is te n c e  o f  two separate s i t e s .  That coenzyme 
binding requires e f f e c t o r  binding to the regulatory s i t e  has been 
d ir e c t ly  demonstrated (Singh e t  ja l. ,  1977). Although thioredoxin
binding has not been demonstrated, in ter a c t io n  with the c a t a ly t i c  s i t e  
i s  assumed.
Reaction Mechanism
The m ajority o f  coenzyme rea c t io n s  in vo lve  the ad en osy lco l­
balamin moiety as an interm ediate hydrogen ca rr ier  which ab stracts  a 
s p e c i f i c  hydrogen from the sub stra te  and returns a hydrogen to  a d i f ­
feren t p o s it io n  in the product (Abeles and Dolphin, 1976; Abeles, 
1971). This type o f  enzyme, accord in g ly , would cata lyze  the tra n sfer
9Figure 2. Models o f  (A) r ib on u cleosid e  triphosphate reductase from 
L a cto b a c il lu s  leichm annii and (B) r ib on u cleosid e  diphos­



























o f  H from [ 5 ' -  H]-adenosylcolbalamin to  product.
The c a t a ly t i c  mechanism for the r ib on u c leo tid e  reductase in vo lves
the s t e r e o s p e c i f ic  reduction o f  r ib on u cleosid e  tr ip h osp h ate .  The 2 ’-
hydrogen o f  the deoxyribose product i s  uniquely derived from the
s o lv e n t .  Hence, t h i s  reaction  i s  d i f f e r e n t  from that cata lyzed  by
3 xother B .^-dependent enzymes. Incubation o f  C5 ’-  'H ]-a d en o sy lco l-
balamin with the r ib o n u c leo tid e  reductase does not r e s u l t  in tra n sfer
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of H to deoxyribose, but complete H exchange with the so lv en t
(Abeles and Beck, 1967; Hogenkamp e t  a l . ,  1968).
This tra n sfer  requ ires  a d i t h i o l  ( th io re d o x in , d i t h i o e r y t h r i t o l ,
e t c . )  which i s  the proposed ca rr ier  during the hydrogen exchange.
Both adenosylcobalamin 5 ’-methylene hydrogens are involved in the 
t r a n s fe r ,  although they are s tereo ch em ica lly  n o n -equ iva len t.  This led  
to the hypothesis  that an enzyme bound interm ediate conta in ing  three  
equ iva len t hydrogens i s  formed, one derived from the reducing t h io l  
(Hogenkamp et_ a l . ,  1968). Evidence for the formation o f  such an
interm ediate has been obtained experim entally  by EPR measurements 
(Orme-Johnson et_ al^., 1974) and s p e c tr o p h o to m e tr ic  s to p p e d - f lo w  
s tu d ie s  (Tamao and Blakey, 1973). In the presence o f  a l l o s t e r i c  e f f e c ­
tor (dGTP) and d i t h i o l ,  adenosylcobalamin rea cts  rap id ly  ( t ^ ^  = 17 ms) 
with equimolar amounts o f  red u ctase . Spectral changes in the UV and 
v i s i b l e  regions were observed which correspond to  those pred icted  for  
p a r t ia l  homolytic c leavage o f the coenzyme carbon-cobalt bond to  y ie ld  
cob(II)alam in and a 5 ’-deoxyadenosyl r a d ic a l .  A lso , at -130°C, the 
reaction  mixture has a c h a r a c te r is t ic  EPR spectrum in d ica t in g  the pro­
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duction o f  two unpaired e le c tr o n s  per molecule o f  in term ed ia te .  The
EPR s ig n a l  i s  centered at g = 2 .119 . Spectrum hyperfine s tru ctu re
a n a ly s is  by computer s im ulation  in d ic a te s  that the p r in c ip le  s ig n a l
2+fea tu res  are due to an unpaired e lec tro n  asso c ia ted  with Co and an 
underlying broadened s ig n a l  a ttr ib u ted  to the 5 '-deoxyadenosyl ra d ica l  
(Walker e t  a l . , 1974).
A second paramagnetic sp e c ie s  id e n t i f i e d  as cob(II)a lam in  i s  
formed slow ly ^ 1 / 2  = 30 min) by the enzyme in the presence o f  d i t h i o l  
and e f f e c t o r .  This sp e c ie s  i s  considered to  be a s id e  rea ct io n  pro­
duct (Sando e t  a l . ,  1974; Yamada e t  a l . ,  1971). In a d d it io n ,  a th ird  
type o f  EPR s ig n a l  i s  observed in the presence o f  the complete ribo­
n u cleo tid e  reductase system; enzyme, cofactor B r i b o n u c l e o s i d e  
triphosphate su b s tr a te ,  a l l o s t e r i c  e f f e c t o r ,  and d i t h i o l .  The s ig n a l ,  
termed the "doublet” EPR spectrum c o n s is t s  o f  two major l in e s  with 
mean g values o f  2 .032 and 1 .965 (Hamilton e t  £ l . ,  1972). The pos­
s ib le  function o f  t h i s  sp e c ie s  as an interm ediate i s  not ruled out by 
i t s  slow formation ( T , ^  ^ 10 min)* BY analogy with another B ^ -d e -  
pendent enzyme, d io ldehydrase, which a lso  e x h ib its  a doublet EPR 
s ig n a l  (Valinsky e t  _ a l. , 1964), the sp e c ie s  has been a ttr ib u ted  to  a 
ra d ica l derived from the reducing sub strate  or from the r ib o n u c leo tid e  
sub strate  (Hogenkamp and Sando, 1974).
This information su ggests  the presence o f  at l e a s t  two interm edi­
a te s  in the L. leichmanni r ib on u cleo tid e  reductase cata lyzed  r e a c t io n .  
A reaction  sequence c o n s is te n t  with t h is  information has been proposed 
(Hogenkamp and Sando, 1974) (Figure 3 ) .  The formation o f  c o b ( I I ) -
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Figure 3. Proposed react ion  mechanism for B^-dependent ribonucleo­
t id e  reductase (Hogankamp & Sando, 197*0.
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alamin and a 5 '-deoxyadenosyl ra d ica l ( sp e c ie s  I )  i s  a r e s u l t  o f  
enzyme catalyzed homolytic c leavage o f  the carbon-cobalt bond in the 
5 '-deoxyadenosylcobalamin coenzyme. This 5 ’-deoxyadenosyl rad ica l  
then ab stracts  a hydrogen from a d i t h i o l ,  provided by e i th e r  reducing  
sub strate  or enzyme, to  y ie ld  a su lfu r  ra d ica l ( sp e c ie s  I I )  and 5 '-d e -  
oxyadenosine. Since both o f these  s tep s  are r e v e r s ib le ,  the hydrogen 
iso top e  exchange d iscussed  p rev iou sly  i s  p o s s ib le .  The su lfur  ra d ica l  
i s  then postulated to ab stract  a hydroxyl rad ica l from the 2 ’-carbon  
o f  the n u c leotid e  su b s tr a te ,  r e s u lt in g  in the formation o f  a 2 ’-d eoxy-  
r ib on u cleotid e  r a d ica l  ( I I I ) ,  water, and a d i s u l f id e .  F in a l ly ,  coen­
zyme rad ica l pair regeneration occurs as sp e c ie s  I I I  a b stra c ts  a hy­
drogen atom from 5 '-deoxyadenosine to  y ie ld  the 2 ’-d eoxyribon u cleotid e  
product. The "doublet" EPR spectrum i s  a ttr ib u ted  to e i th e r  the 2 ' -  
deoxyribonucleotide ra d ica l  or the su lfu r  rad ica l in te r a c t in g  with the  
unpaired e lectron  o f cob(II  )alamin (Babior e£ jjI . ,  1974).
R ecently , ad d it io n a l m echanistic  information has become av a ila b le
which suggests  that the actual reaction  scheme may be more complex.
•3 14
In double la b e l  experiments using [ 3 ' -  H]-UTP and [ C]-UTP as ribo­
n u c leo tid e  reductase su b s tr a te s ,  a decrease in the s p e c i f i c  a c t iv i t y  
■r 14
r a t io  [^H/ C] was observed in the formation o f dUTP product (Stubbe 
e t  a l . , 1981). The s e le c t io n  e f f e c t  aga inst JH was 1 .8 , a r e s u lt
•3
which suggests  cleavage o f  the 3 '-carbon-hydrogen bond o f  C3'- H]-UTP
■3
during substrate  conversion to 2 ’-dUTP. H was n e ith er  released  to 
so lv en t  nor recovered in r e - i s o la te d  coenzyme. Thus, the adeno­
sylcobalamin cofactor  may not d ir e c t ly  ab stract  from the 2 ’ p o s it io n  
of su b stra te .  These r e s u lt s  are c o n s is te n t  with a reaction  mechanism
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involv ing the formation o f  a t h io l  rad ica l ( I I )  and deoxyadenosine.
A p ro te in -a sso c ia ted  rad ica l sp e c ie s  i s  proposed to in te r a c t  with the 
3 '-H o f  the substrate  and not abstract  a hydroxyl rad ica l from the 2' 
carbon as ind icated  (Stubbe e t  a l . ,  1981). The im p lica t ion s  of 3 *-H 
bond l a b i l i t y ,  an e f f e c t  a lso  observed in the I£. c o l i  r ib on u cleo tid e  
reductase system (Stubbe and Ackeles, 1980), upon the proposed mecha­
nism for the enzymatic reduction o f  r ib o n u c leo tid es  w i l l  be d iscussed  
in the _E. c o l i  r ib on u cleo tid e  reductase mechanism s e c t io n .
A l lo s t e r ic  Regulation
A l lo s t e r ic  regu la tion  o f  sub stra te  s p e c i f i c i t y  i s  a fea tu re  o f  
the I-. leichmannii enzyme. The most important r e s u lt  o f  e f fe c to r  
binding to the regulatory  s i t e  i s  an increase in the p r o te in 's  a f ­
f i n i t y  for coenzyme (decrease  in Kd from 0.93 to  0 .2  mM with 2 mM dGTP 
at 5°C). Enhancement o f  co factor  binding shows l i t t l e  s p e c i f i c i t y  
towards a p a rt icu la r  d eoxyribonucleotide. The id e n t i ty  o f  the a l l o s ­
t e r ic  e f fe c to r  plays a s ig n i f i c a n t  part in d ic ta t in g  the sub strate  
s p e c i f i c i t y .  Table I l i s t s  the most p o s i t iv e  a l l o s t e r i c  e f f e c t o r s  for 
the enzyme. A strong n egative  a l l o s t e r i c  e f f e c to r  has not been ob­
served (Thelander and Reichard, 1979). A l lo s t e r ic  control e f f e c t s  are 
presumed in many in sta n ces  to involve  enzyme subunit in te r a c t io n s ,  
e . g . ,  cooperative e f f e c t s .  However, the monomeric L. leichmannii 
enzyme does not a s so c ia te  to form higher o ligom ers. Instead , the  
r ibonucleotide reductase e x h ib its  s ig n i f ic a n t  changes in t e r t ia r y  
structure upon e f fe c to r  binding (Singh e t  a l . , 1977; Kim e t  a l . ,
1977).
A second example o f  an enzyme from t h is  group i s  the ribonucleo­
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t id e  reductase from the b lue-green  alga Anabaena 7119 sp. (Gleason and 
Frick, 1980). The p u r if ied  protein  d isp la y s  p rop erties  s im ila r  to  
those p rev iou sly  d escr ib ed . The unique fea ture  o f  t h is  enzyme i s  that  
calcium ion p r e f e r e n t ia l ly  s t im u la te s  a c t i v i t y  to tw ice the degree o f  
that observed with magnesium (the usual metal c o fa c to r ) .
A survey o f  d i f f e r e n t  organisms has evaluated the d is t r ib u t io n  o f  
B^-dependent red u ctases .  This enzyme type has been reported to  be 
more common among prokaryotes than the iron -req u ir in g  type (Class 4 ) .  
A lso , among the eukaryotic organisms surveyed only Euglenophyta and 
the fungus Phitomyces chartarum exh ib ited  adenosylcolbalamin-dependent  
r ib o n u c leo tid e  reductase a c t i v i t y .  However, a general convention re­
garding enzyme type and source has not yet  been e s ta b lish e d  (Gleason 
and Hogenkamp, 1972).
R ibonucleotide Reductase from C. nephrid ii
A r ib on u cleo tid e  reductase from Corynebacterium n e p h r id i i , which 
a lso  requires a co factor  has been reported (Tsai and Hogenkamp,
1980). This enzyme has been grouped sep a ra te ly  s in ce  i t  d isp la y s  
sev era l  d i s t i n c t i v e  p h ysica l p ro p ert ies  which in d ic a te  i t  to  be a more 
complex protein  than those prev iously  d iscu ssed .  This r ib on u cleo tid e  
reductase ca ta ly z e s  the reduction o f  the four common r ib on u cleosid e  
diphosphates and hydrogen exchange between adenosylcolbalamin and the 
s o lv e n t .  In co n tra st ,  r ib o n u c leo s id e  t r i phosphates are the preferred  
substrate  for the m ajority  o f  other B ^ -r e q u ir in g  enzymes. The 
reductase a c t iv i t y  i s  modulated by both p o s i t iv e  (dGTP) and n egative  
(dATP, dTTP) a l l o s t e r i c  e f f e c t o r s .  Negative a l l o s t e r i c  contro l has 
not been described for other B .^-dependent red u ctases .  This type o f
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c o n tr o l ,  in concert with p o s i t iv e  e f f e c t o r s ,  a llow s for a greater  
degree o f  a c t iv i t y  r e g u la t io n .  Furthermore, the n ep h rid ii  enzyme 
behaves as a dimer with a subunit molecular weight o f  100,000. Coop- 
e r a t i v i t y ,  implied by the o ligom eric  enzyme s tr u c tu r e ,  represents  a 
la te r  development and evo lu tionary  advantage (Koshland, 1976). Hence, 
the £ .  n ep h rid ii  reductase oligom eric s tr u c tu r e ,  advanced a l l o s t e r i c  
con tro l c a p a b i l i ty ,  and cap acity  to  reduce r ib on u cleosid e  diphosphates  
suggests  the enzyme to be an interm ediate between that enzyme type  
from L. le ichm annii and the more complex iron -req u ir in g  reductase sy s­
tems. C. n e p h r id i i , a f a c u l t a t iv e  anaerobe, i s  known to  be more
advanced in evo lu tionary  terms than the m icroaeroph ile , L. le ic h m a n ii . 
(Tsai and Hogenkamp, 1980). The complex nature o f  the £ .  nep h rid ii  
r ib on u cleo tid e  reductase may be a r e f l e c t io n  o f  t h i s  evo lu tion ary
r e la t io n sh ip .
Iron-Requiring R ibonucleotide Reductases 
The f in a l  category o f  r ib on u c leo tid e  reductase types  i s  comprised 
o f  those enzymes which c h a r a c t e r i s t i c a l ly  require p ro te in -a sso c ia te d  
iron for a c t iv i t y  instead  o f  an adenosylcobalamin coenzyme. Among the 
prokaryotes, t h i s  enzyme c la s s  has been most e x te n s iv e ly  studied  u t i l ­
iz in g  the enzyme from j£. c o l i  (Thelander and Reichard, 1979). The E. 
c o l i  r ib on u cleo tid e  reductase serves  as a convenient prototype for the 
other enzymes in th is  group, most notably those from mammalian 
sources. Other iron -req u ir in g  reductases have been id e n t i f i e d  from 
bacteriophage T ^ -infected  E. c o l i  c e l l s  (Berglund, 1975), the cyano­
bacterium Agmenellum quandruplicatum (Gleason and Wood, 1976), the
alga Scenedesmus obliquus and C h lo re lla  pyrenoidosa (F e l le r  and F c l l -  
man, 1976), wheat germ (Mueller e t  a l . ,  1973), and the silkmoth
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Hyalophora cecropia  (Swindlehurst e t  _al, 1971). For those determin­
a t io n s  made in  mammalian t i s s u e s ,  the  r i b o n u c l e o t i d e  r e d u c ta s e  
a c t iv i t y  has c o n s is t e n t ly  been among t h is  grouping (Thelander and 
Reichard, 1979).
Ribonucleotide Reductase from E. c o l i
R ibonucleotide reductase from E_. c o l i  (E.C. 1 .1 7 .4 .1 )  i s  composed 
of two n o n -id e n t ic a l  subunits designated prote ins  B1 and B2 (Brown e t  
a l , 1967). Two c lo s e ly  linked s tru c tu ra l  genes nrdA and nrdB, which 
are s itu a ted  at 48 min (between nalA and glpT) on the IE. c o l i  genome 
(Bachman e t  _ a l. , 1976), code for the complementary sub u n its .  A
coordinate regu lation  o f these  two genes, apparently located  within  
the same operon, has been observed. Operon tr a n scr ip t io n  r e s u l t s  in 
the production o f  a p o ly c is tr o n ic  mRNA precursor, transcribed  in the 
d ir e c t io n  nrdA to  nrdB (Hanke and Fuchs, 1982).
S tructura l Features
A model for the quaternary s tru ctu re  o f  the ]S. c o l i  r ibonucleo­
t id e  reductase i s  shown in Figure 2. The a c t iv e  enzyme i s  an oligomer 
o f  the regulatory  (B1) and c a t a ly t i c  (B2) subunits , each a dimeric  
sp e c ie s  in 1:1 s to ich io m etry , forming an a c t iv e  tetramer. Formation 
o f  the a c t iv e  complex by the complementary sub u n its ,  which sep a ra te ly  
show no c a t a ly t i c  a c t i v i t y ,  i s  dependent upon the presence o f  magnes­
ium ions (Brown e t  a l . , 1967).
B1 Subunit
The dimeric regu latory  subunit (B1) has a molecular weight o f  
160,000 (Brown e t  a l . ,  1969b). End group a n a ly s is  in d ic a te s  the pres­
ence o f  id e n t ic a l  -C00H term ini for the polypeptide chains which are
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o f  s im ilar  or id e n t ic a l  s i z e .  However, a d i f fe r e n c e  in -NH2  termini 
for each polypeptide has been observed (Thelander, 1973), suggesting
an aa * s tr u c tu r e .  This d if fe r e n c e  does not appear to  n e c e s sa r i ly
r e f l e c t  the ex is te n c e  o f  two separate s tr u c tu r a l  genes, s in ce  i t  may 
be an a r t i f a c t  o f  p u r if ic a t io n  (Thelander and Reichard, 1979). Each 
polypeptide i s  assumed to have an id e n t ic a l  fu nction . The protein B1 
dimer can be d is s o c ia te d  by removal o f  magnesium ions or upon 
oxidation  o f  i t s  c y s te in e  res id u es .  Protein B1 d is s o c ia t io n  r e s u lt s  
in the concomitant lo s s  o f  enzymatic a c t iv i t y  when assayed in the  
presence o f  complementary B2 subunit. Incubation o f  the B1 subunit  
w ith  d i t h i o t h r e i t o l  i s  e f f e c t i v e  in  r e v e r s in g  th e  
d is s o c a t io n / in a c t iv a t io n  process (Thelander, 1973).
The B1 subunit conta ins  binding s i t e s  for both the r ib on u cleosid e  
diphosphate su b stra tes  (von Dobeln and Reichard, 1976) and the a l l o s ­
t e r ic  e f fe c to r  n u cleosid e  tr iphosphates  (Brown and Reichard, 1969b). 
Two sub strate-b in d in g  s i t e s  have been demonstrated on each protein  B1 
dimer by equilibrium  d ia ly s i s  technique (von Dobeln and Reichard,
1976). E ither o f  these  apparently id e n t ic a l  s i t e s  can bind any one of  
the four r ib on u cleosid e  diphosphate s u b s tr a te s .  Substrate s p e c i f i c i t y  
and binding a f f i n i t y  are determined, however, by the id e n t i t y  o f  
a l l o s t e r i c  e f f e c t o r ( s )  which bind to d i s t i n c t  regu latory  s i t e s .  
E ffector  binding d ic ta t e s  the conformation o f  the sub stra te  binding  
s i t e  and thus determines sub stra te  s p e c i f i c i t y .
The B1 molecule has been shown to contain two types o f  e f fe c to r
binding s i t e s  (1 or h) each type c o n s is t in g  o f  two s u b s ite s  (per
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dimer) (Brown and Reichard, 1969b). The a f f i n i t y  o f  each e f fe c to r  
s i t e  for dATP i s  the var ia b le  u t i l i z e d  for the c l a s s i f i c a t i o n  o f  
e f fe c to r  s i t e  type, h - s i t e s  have a high a f f i n i t y  for dATP (K^  = 3 X 
10~® M), whereas 1 - s i t e s  e x h ib it  a decreased dATP a f f i n i t y  (K^  = 1-5 X
_ 7
10 M). Competition experiments have shown that in addition  to dATP,
1 - s i t e s  bind only ATP, but h-type s i t e s  a lso  bind ATP, dTTP, and dGTP.
A l lo s t e r ic  Regulation
Overall enzyme a c t i v i t y  i s  determined by the 1 - s i t e  s in ce  binding  
of ATP or dATP r e s u lt s  in a c t iv e  or in a c t iv e  r ib on u cleo tid e  reductase,  
r e s p e c t iv e ly .  Hence, the r a t io  o f  adenine n ucleoside  triphosphate  
pools determines o v era ll  enzyme a c t i v i t y ,  Ln v iv o . Substrate sp e c i­
f i c i t y  i s  co n tro lled  by the id e n t i t y  o f  a l l o s t e r i c  e f f e c to r  bound to 
the h - s i t e ,  when ATP i s  bound to the 1 - s i t e  ( a c t i v i t y ) .  This event
in flu en ces  both the K and V during c a t a ly s i s  for a given sub stratem max
(Thelander and Reichard, 1979). A compilation o f  the in f lu en ces  o f  
various e f f e c t o r s  upon enzyme a c t i v i t y  i s  presented in Table I I .
A l lo s t e r ic  e f f e c t o r s  a lso  induce changes in the sedimentation  
behavior o f the enzyme. P roteins  B1 (7 .8 s )  and B2 (5 .8 s )  combine in  
the presence o f  magnesium ion to form an a c t iv e  complex ( 9 .7 s ) .  dATP 
causes a s h i f t  in the protein  B1B2 complex sedimentation rate  from 
9 .7 s  to 15 .5s .  The larger s p e c ie s ,  which contains equimolar subunit 
amounts, represents  an in a c t iv e  form of the enzyme and i s  b e lieved  to 
be a dimer o f  the 9 .7 s  complex (Brown and Reichard, 1969a). This type 
o f  behavior i s  c o n s is te n t  with the regulatory  con tro l e f f e c t s  observed 
in other a l l o s t e r i c  enzyme systems.
TABLE I I
A llo s t e r ic  Regulation of
3
R ibonucleotide Reductase from c o l i  
(from Thelander and Reichard, 1979)
E ffector  binding to Reduction o f
1 - s i t e s  h - s i t e s CDP UDP GDP ADP
0 ATP + + 0 0
0 dTTP + + + +
0 dGTP 0 0 + +
ATP ATP or dATP + + 0 0
ATP dTTP - — + (+)
ATP dGTP nd nd (+) +
dATP any e f f e c t o r — — — —
a0 = no 
and nd =
e f f e c t ;  + = stim u lation ;  
not determined.
-  = in h ib it io n •»
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The diagram shown in Figure 2 a r b i t r a r i ly  assumes e f f e c t o r  bind­
ing s i t e  symmetry within the dimeric B1 subunit, c o n s is te n t  with a 
reasonable s tru ctu ra l  model. However, an asymmetric d is tr ib u t io n  o f  
e f fe c to r  binding cannot be ruled out and may be re la ted  to the pos­
s ib l e  aa ' protein  B1 s tru ctu re  (Theland*-." and Reichard, 1979).
B2 Subunit
The B2 ( c a t a ly t i c )  subunit o f  Ii. c o l i  r ib on u cleo tid e  reductase i s  
a dimer o f  molecular weight 78,000 and c o n s is t s  o f  two id e n t ic a l  poly­
p ep tid es .  The subunit con ta in s  two atoms o f  non-heme iron; one per 
chain i s  assumed (Brown jet al^., 1969a). The n e c e s s i ty  o f  protein  B2- 
a ssoc ia ted  iron for enzymatic a c t i v i t y  has been w ell documented (The­
lander and Reichard, 1979). Iron removal by subunit d i a l y s i s  against  
8-hydroxyquinoline or EDTA r e s u l t s  in a l o s s  o f  enzymatic a c t i v i t y ,  
although apoprotein B2 can s t i l l  form a 1:1 complex with protein  B1. 
The in ta c t  apoprotein can be rea ct iv a ted  to greater  than 100% o f  i t s  
o r ig in a l  a c t iv i t y  with various iron s a l t s ,  e . g . ,  F e ( I I ) ascorbate. The 
'subunit  iron i s  in e r t  to reducing and o x id iz in g  agents, i s  not bonded 
to inorganic s u lfu r ,  and can be re leased  by cold acid treatment (Brown 
e t  a l . , 1969a; Thelander and Reichard, 1979). The exact nature o f  the  
protein B2 iron center has been c a r e fu l ly  evaluated. The e le c tr o n ic  
(Figure 4)(Ehrenberg and Reichard, 1972) and Mossbauer spectra  (Atkin 
e t  a l . ,  1973) are very s im ila r  to those for oxy- or methydroxo-hemery- 
thrin  (Klotz e t  _al. ,  1976; Stenkamp e t  a l . , 1976). The s tru ctu re  o f  
the b inuclear iron center in the F e (I II )  form o f  the oxygen transport  
protein  hemerythrin has been e lucidated  by x-ray cr y s ta llo g r a p h ic  
(Figure 4 ) (Stenkamp e t  a l . ,  1981; Hendrickson, 1981) and x-ray ab­
sorption spectroscop ic  a n a ly s is  (Hendrickson e t  a l . ,  1982). The data
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Figure 4. E lec tro n ic  spectra  o f  (A) a c t iv e  protein  B2, n a tiv e
( -------- ) and r e c o n s t itu te d  ( ..........); (B) hem erythrins:
methydroxohemerythrin ( -------- ) ,  oxyhemerythrin ( ......... ) ,  and
deoxy- and m e ta l- fr e e  hemerythrins (— • —) (Atkin e t  a l ,  
1973), (C) the iron complex in metazidohemerythrin from 
Themiste z o s t e r ic o la  (S h e r if f  e t  a l . ,  1982).
10,000
5 , 0 0 0  -
5 ,0 0 0  -
3 0 0 4 0 0 5 0 0 6 0 0
WAVELENGTH, nm
His 25  
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in d ic a te s  the presence o f two iron atoms which are coordinated to  
protein  im idazolates  and are bridged by two protein  carboxylates  and 
an oxo group from the so lv en t  (S h e r if f  e t  a l . ,  1982). The strong
antiferrom agnetic in te r a c t io n  between the f e r r ic  ions and the in ten se  
e le c tr o n ic  absorption bands in the near-UV spectra  o f  both met- and 
oxyhemerythrins are a ttr ib u ted  to the u-oxo bridge (Garbett e t  a l . ,  
1969).
The protein B2 Mossbauer data suggested two p o ss ib le  s tru ctu res  
for the iron c en ter (s )  in the protein  m olecule: a) two low spin F e (II)  
complexes in separate s i t e s  or b) one complex o f  two antiferrom ag-  
n e t ic a l ly  coupled iron atoms, both in the F e (I II )  high spin s ta t e  
(Atkin e t  a l . ,  1973). By analogy with the a c t iv e  center data for
hemerythrin, both the e le c tr o n ic  and Mossbauer data for protein B2 
favored the l a t t e r  (b) ca se .
The paramagnetic s u s c e p t i b i l i t y  o f  protein  B2 has been measured
over the temperature range 30-200 K (Petersson £ t  a l . ,  1980). A
d ev ia tion  from the Curie law was observed at high temperatures which
i s  c o n s is te n t  with the occurrence o f  an a n t iferro m a g n etica lly  coupled
pair of high spin F e (I I I )  io n s .  A lso , an exchange coupling o f  -J  = 
- 1108 cm was c a lc u la te d .  The magnitude o f  t h is  value i s  s im ila r  to  
those -J values p rev iou sly  reported for a number o f  u-oxo bridged high 
spin f e r r ic  ion model complexes (Murray, 1974), oxyhemerythrin (77 
cm- 1 ); and metaquohemerythrin (134 cm- 1 ) (Dawson e t  a l . ,  1972). The 
magnitude o f exchange in te r a c t io n  i s  thought to be a property o f  the
”0 -Fe bridge, and not appreciably re la ted  to iron ligand
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groups (Murray, 1974). Thus, a u-oxo bridged iron dimer i s  ind icated  
in the B2 subunit o f  r ib on u c leo tid e  reductase.
Additional evidence for the e x is te n c e  o f  an an tiferro m a g n etica lly
coupled b inuclear iron center  in protein  B2 has been obtained using
Resonance Raman spectroscopy. Raman spectra o f  both n a t iv e  and
hydroxyurea treated  protein  B2 e x h ib it  a resonance enchanced Raman 
1
band at 496 cm (Sjoberg e t  a l . ,  1980) in resonance with the 370 nm
e le c tr o n ic  t r a n s i t io n  o f  the binuclear iron center (Sjoberg e t  a l . ,
1982). This tr a n s i t io n  has been assigned to  an Fe-0 v ib r a t io n a l  mode
a r is in g  from an oxygen-containing l igan d . Tyrosinate ring Raman modes
were not observed, d im inish ing the p o s s i b i l i t y  that protein  B2 i s  an
18ir o n -ty r o s in a te  prote in . In the presence of Hg 0 , the peak s h i f t s  to  
_1
481 cm , an e f f e c t  in d ic a t iv e  o f  so lv en t  oxygen exchange with the
-4 -1Fe-0 m oiety. The measured rate  o f exchange (K = 8 .3  X 10 s ) was
2c o n s is te n t  with a u-oxo bridged s tr u c tu r e .  In a d d it io n ,  f a i le d
to s h i f t  the Fe-0 v ib ra tion  to  a lower frequency, suggesting  that pro­
tonation  o f the oxygen was u n lik e ly  (Sjoberg e t  _al. ,  1980, 1982).
The B2 subunit o f the r ib on u cleo tid e  reductase a lso  contains a 
fr e e  rad ica l characterized  by a doublet EPR s ig n a l  (Figure 5) centered  
around g = 2.0047 (Ehrenberg and Reichard, 1972). This moiety i s  d i s ­
t in c t  from the iron cen ter ,  which both magnetic s u s c e p t ib i l i t y  and 
Mossbauer spectroscop ic  experiments have es ta b lish ed  as being diamag­
n e t ic .  Isotope su b s t itu t io n  experiments have resu lted  in the a ss ig n ­
ment o f the rad ica l to a ty ro s in e  residue in the protein  (Sjoberg e t  
a l . ,  1977). The main fea tu re  o f  the EPR spectrum i s  a doublet s p l i t -
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Figure 5 .  (A) E lec tro n ic  spin resonance spectrum o f  prote in  B2 at
77K (Sjoberg and Graslund, 1978); (B) the ty r o sy l  free  
r a d ica l  o f  p ro te in  B2 with estim ated spin d e n s i t i e s  at  
C-1, C-3 and C-5 (Sjoberg e t  a l . ,  1978).
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t in g  of about 1.9 mT. This fea tu re  a r is e s  from rad ica l hyperfine
coupling to one o f  the 3 protons o f  ty r o s in e .  I so tr o p ic  hyperfine
coupling of the ra d ica l to both 3 -hydrogen atoms o f  the ty r o sy l
methylene carbon, in which case the major sp e c tr a l  feature  would be a
t r i p l e t  s p l i t t i n g ,  i s  not observed. Hyperfine coupling o f a proton
bound to a carbon atom neighboring a carbon atom with spin d en s ity  i s
dependent upon ra d ica l geometry (Stone and Maki, 1962). I f  the
C-8 H-S bond i s  near the plane o f  the aromatic r in g ,  then hyperfine
coupling of an e lec tro n  occupying the o r b i ta l  o f  o f  the aromatic
ring to an adjacent methylene proton (0 ^ 90°) would be n e g l ig ib le .
Therefore, the observed doublet s p l i t t i n g  i s  a ttr ib u ted  to a locked
s t e r i c  configuration  o f  the ty r o sy l  residue (Sjoberg _et _al. ,  1978).
1 ^The incorporation o f [ & -  ° c ]  ty ro s in e  in to  protein  B2 r e s u lt s  in a
s l i g h t  broadening ( 0 .5  mT) o f  the s ig n a l ,  an e f f e c t  c o n s is te n t  with
13the C nucleus p o s it io n  neighboring a p o s it io n  with spin  d e n s ity .  
A lso , a p a r t ia l ly  resolved t r i p l e t  s p l i t t i n g  o f  about 0 .7  mT i s
observed with the r e la t iv e  i n t e n s i t i e s  o f  1:2:1 (Sjoberg e t  a l . ,
2
1977). Incorporation o f  C3,5- Hg] ty ro s in e  in to  protein  B2 r e s u l t s  in
a lo s s  o f  t h i s  hyperfine s tr u c tu r e .  This e f f e c t  was not observed in
2
s u b s t i t u t i o n  ex p er im en ts  u s in g  [ 2 , 6 ,  » _ h^] t y r o s i n e .  Thus, 
s ig n i f i c a n t  hyperfine coupling o f  the unpaired e lec tro n  has been 
assigned to i t s  in te r a c t io n  with H-3 and H-5 ty r o sy l  n u c le i .  Based 
upon these f in d in g s ,  a free  ra d ica l  model has been proposed in which 
the unpaired e lec tro n  r e s id e s  in the aromatic ring o f  ty r o s in e  (Figure  
4b). Spin d en sity  on C-1 g iv es  r i s e  to  hyperfine coupling to one o f  
the 8 -hydrogen atoms and spin d en sity  on C-3 and C-5 g ive  r i s e  to 
a n iso trop ic  hyperfine couplings with H-3 and H-5, which r e s u l t  in the
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p a r t ia l ly  resolved  1:2:1 t r i p l e t  s p l i t t i n g  (Sjoberg e t  a l . ,  1978).
The ty r o sy l  free  r a d ica l  o f  protein  B2 i s  b e lieved  to  be a 
c a t io n ic  sp e c ie s  presumably formed by an iron catalyzed 1-e le c tr o n  
aerobic oxidation  o f the ty ro s in e  residue (Thelander and Reichard,
1979). The EPR sp e c tr a l  p rop erties  o f  oxid ized  ty r o s in e ,  formed by
the lo s s  o f an e lectron  from the aromatic ring (Box e t  a l . ,  1974)
c lo s e ly  resemble that observed in the E. c o l i  r ib on u cleo tid e  reductase  
system (Sjoberg e t  a l . ,  1978). Formation o f  the free  rad ica l i s
c lo s e ly  linked to the presence o f  iron in subunit B2. Iron removal 
r e s u lt s  in rad ica l l o s s .  Radical regeneration can be achieved,  
however, by apoprotein r e c o n s t i tu t io n .  S e le c t iv e  rad ica l d e s tr u c t io n ,  
without lo s s  o f iron , occurs during protein B2 aging or by chemical 
tre a tm e n t  w ith  r a d i c a l  s c a v e n g in g  a g e n t s ,  e . g . ,  hydroxyurea or 
hydroxylamine. These do not a l te r  the p rop erties  o f  the b inuclear
iron center (Atkin ejt a l . ,  1973). Enzymatic a c t iv i t y  and the ra d ica l  
presence are regained only when the iron i s  removed from protein  B2 
which i s  then r e c o n st itu ted  with Fe^+ iron in the presence o f  0^ 
(Petersson e t  a l . ,  1980). The r e c o n s t i tu t io n  s tep  must be a complex 
s e t  o f  events;  the ox idation  o f  Fe^+ to  the high spin F e (I I I )  complex 
apparently occurs jin s i t u , and r e s u lt s  in the generation o f  a ty r o sy l  
rad ica l within each protein  B2 m olecule. Binding o f molecular oxygen 
to  a b inuclear iron center during proposed u-oxo bridge formation
cou ld  a c t i v a t e  i t  fo r  the a b s t r a c t io n  o f  an e l e c t r o n  from a 
neighboring ty ro s in e  residue (Sjoberg e t  a l . ,  1982).
Both the protein  B2 free  rad ica l and iron center contribute  to
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the c h a r a c te r is t ic  U V -visib le  absorption spectrum (Figure 3a) o f  the  
subunit. C h a ra cter is t ic  protein  B2 absorption maximum are located  at  
280, 370, 410, 500 and 600 nm. A steep  shoulder i s  observed at 325 mm 
(Brown e t  a l . ,  1969a; Petersson e t  a l . ,  1980). Removal o f  iron from 
the subunit r e s u lt s  in the disappearance o f  the absorption maximum, 
with the exception o f the 280 mm peak and the shoulder at 325 mm. 
Apoprotein r e c o n s t i tu t io n  regenerates the spectrum.
S e le c t iv e  d estru ct ion  o f the protein  B2 ra d ica l by hydroxyurea 
treatment does not cause s ig n i f i c a n t  changes in the iron ce n te r ,  but 
does cause a lo s s  o f  the shoulder at 390 nm, the sharp 410 nm peak, 
and a height reduction o f the 600 nm peak. Hence, the e le c tr o n ic  
spectrum of hydroxyurea-treated protein B2 above 300 nm has been 
assigned to the iron center (Atkin e t  _al. ,  1973). This spectrum i s  
analogous to those previously  reported for oxyhemerythrin and severa l  
methemerythrins (K lotz , 1971).
A d if fe r e n c e  spectrum between n ative  and r a d ic a l - f r e e  protein  B2 
has been generated (Petersson e t  a l . ,  1980). Obvious s im i l a r i t i e s
e x i s t  between t h is  d if fe r e n c e  spectrum ( ty r o sy l  free  ra d ica l  o f  
p r o te in  B2) and th o se  r ep o r ted  fo r  r a d i c a l s  o f  t y r o s i n e  and 
t r i t e r t i a r y  butyl phenol (F e ite lso n  and Hayon, 1973; Land e t  a l . , 
1961). Thus, the e le c tr o n ic  spectrum fea tu res  o f the B2 subunit can 
be assigned to separate components generated by the rad ica l and by the  
binuclear iron center (Petersson e t  a l . , 1980).
Active S i t e
S tructural elements for the a c t iv e  s i t e  o f  the r ib o n u c leo tid e
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reductase are contributed by both the B1 (binds sub stra te  and e f f e c ­
tors)  and B2 ( ty r o s y l  free  ra d ica l contain ing) subunits. Evidence for  
th is  has been obtained by enzyme in h ib ito n  s tu d ie s  using sub strate  
analogues (Thelander e t  al_., 1976). 2 '-d eo x y -2 '-ch lo r o  r ibonucleoside
diphosphate and 2 f-d eo x y -2 '-a z id o  r ib on u cleosid e  diphosphate ir r e v e r s -  
ably in a c t iv a te  the B1 and B2 subunits r e s p e c t iv e ly ,  without e f f e c t in g  
the complementary subunit in e i th e r  c a se .  The in h ib it io n  i s  sub strate  
s p e c i f i c  s in ce  i t  requires the presence o f  both complementary sub­
u n it s ,  i s  con tro lled  by a l l o s t e r i c  e f f e c t o r s ,  and can be co m p etit iv e ly  
protected against by normal su b s tr a te s .
Protein B1 in a c t iv a t io n  i s  caused by m od ifica tion  o f  subunit  
d i t h io l s  which p a r t ic ip a te  in the ox id ation -red u ction  rea c t io n .  As a 
consequence of enzyme in te r a c t io n ,  the c h lo r o - in h ib ito r  decomposes 
in t o  f r e e  b a se ,  c h l o r i d e  io n ,  and 2 ' - d e o x y r ib o s e - 5 ' - d ip h o s p h a t e  
(Thelander e t  _a l. , 1976). Analogous r e s u lt s  have a lso  been reported  
for the 2 ' - f lu o r c  d e r iv a t iv e  (Stubbe and Kozarick, 1980). Conversely, 
the azido d er iv a t iv e  fu nction s  as a ra d ica l scavenger, and upon 
reduction by r ib on u cleo tid e  reductase , s e l e c t i v e l y  destroys the free  
rad ica l o f  B2. This information in d ic a te s  an enzyme a c t iv e  s i t e  
formed by both s u b u n i t s ,  in which th e  e l e c t r o n - d o n a t in g  
oxidation -red u ction  a c t iv e  d i t h i o l s  o f  B1 are in c lo se  proximity to  
the free  rad ica l o f  B2 (Thelander e t  a l . ,  1976).
The e s s e n t ia l  ro le  o f  ox id a tion -red u ction  a c t iv e  su lfh y d ry ls  con­
tr ibuted  by the B1 subunit (21 h a l f - c y s t in e  residues/m ol B1) in the 
c a t a ly t i c  mechanism of the E. c o l i  r ib on u cleo tid e  reductase reaction
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has been demonstrated by k in e t ic  a n a ly s is  in the absence o f  a hydrogen 
donor system. Under these  co n d it io n s ,  r ib on u cleo tid e  reductase con­
v erts  a maximum of 3 moles o f  sub strate  to product per mole o f  protein  
B1, while 6 moles o f  protein  B1 su lfh y d ry ls  are o x id ized . The 
r e a c t io n  r e q u ir e s  the p r e s e n c e  o f  p r o t e in  B2 (10 h a l f - c y s t i n e  
residues/m ol protein  B2), but o x id a t io n -r e d u c t io n -a c t iv e  su lfh y d ry ls  
from th is  subunit could not be d e te c te d .  A lso , e le c tr o n  tra n sfe r  was 
shown to  occur  r e a d i l y  between f u l l y  reduced B1 and th e  
o x id a t io n -r e d u c t io n -a c t iv e  d i s u l f id e  o f  th ioredoxin  (Thelander, 1974). 
Steady s ta t e  k in e t ic  a n a ly s is  in d ic a te s  a ping-pong mechanism, e . g . ,  
two s t a b l e  enzyme forms d u rin g  c a t a l y s i s  (F ig u r e  6 ) .  During  
r ib on u cleotid e  reduction , e lec tron  flow i s  proposed to be from th io ­
redoxin to the d i s u l f id e s  r e s id in g  on protein  B1. These protein  
a s s o c i a t e d  d i t h i o l s  would then i n t e r a c t  w ith  the p r o t e in  B2 
f r e e -r a d ic a l  to reduce the r ib o n u c leo tid e  (Thelander, 1974).
Hydrogen Transport System
The requirement for a hydrogen transport system in the reduction  
o f  r ib o n u c leo tid es  led to the d iscovery  o f the th ioredoxin  system in 
E. c o l i  (Laurent e t  _al., 1964) and eukaryotes (Moore, 1967). In addi­
t io n  to  th ioredox in , the FAD-containing th ioredoxin  reductases appear 
to  be ub iquitous. E_. c o l i  th ioredoxin  reductase occurs as a dimer 
[(FAD^ a 2  ^ with a subunit molecular weight o f 66,000. Each polypep­
t i d e  chain  c o n t a in s  one o x i d a t i o n - r e d u c t i o n - a c t i v e  d i s u l f i d e  
(Thelander, 1968) which i s  reduced by FADHj, and in turn reduces the  
B1 a ssoc ia ted  h a l f - c y s t in e  r e s id u es .  Thus, a s h u t t le  o f S2 /(SH ) 2  
interchanges mediates the tra n sfer  o f  e le c tr o n s  from NADPH to r ibo­
n u cleo tid es  (Thelander, 1974). The p h y s io lo g ic a l  r o le  o f  th ioredoxin
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Figure 6 . Cleland n otation  for the react ion  cata lyzed  by the ribonuc­
le o t id e  reductase system. B2B1-S2  and B2B1-1(SH)2 , 
oxid ized  and reduced form o f  prote in  B1, in  the ribonucleo­
t id e  reductase complex; T-S2  and T-(SH)2 , ox id ized  and 
reduced form o f  th io re d o x in .  (Thelander, 197^).
T-(SH)2 t - s 2
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i s  to p a r t ic ip a te  in th io l-dependent oxidoreductions (Holmgren, 1981; 
Holmgren and Fagersted t, 1982). Mutants o f  E_. c o l i , lacking in e ith e r  
th ioredoxin  (Mark and Richardson, 1976) or th ioredoxin  reductase  
(Fuchs, 1977), have been observed which show no decreased a b i l i t y  to  
reduce r ib o n u c le o t id e s .  An a lte r n a te  g lu ta red o x in , glutaredoxin  
reductase system has been discovered in E^. c o l i  mutants lacking th io r ­
edoxin system components (Holmgren, 1976) and a lso  in wild type I£. 
c o l i  (Thelander and Reichard, 1979). The glutaredoxin hydrogen trans­
port system i s  h igh ly  analogous to i t s  th ioredoxin  u t i l i z i n g  counter­
part except that the protein  i s  reduced d ir e c t ly  by g lu ta th io n e . This 
step  c o n s t i tu te s  a unique d i s u l f id e  reduction by a monothiol compound. 
The ro le  o f  e i th e r  protein  as a preferred or o b lig a to ry  cofactor  in 
r ib on u c leo tid e  reduction i s  not as yet w ell  d efin ed .
Reaction Mechanism
As in the L. le ichm annii enzyme system, the mechanism o f  ribonu­
c le o t id e  reduction has been the subject o f  ca re fu l study. The s e le c ­
t iv e  reduction o f one o f the two secondary hydroxyl groups o f  r ib ose  
to a methylene, with re ten tio n  o f configuration  at neutral pH and 
p h y s io lo g ic a l  temperature i s  proposed to  occur by d ir e c t  reduction ,  
without the occurrence o f  s ta b le  interm ediate products. Reaction se­
quences, e . g . ,  dehydration-hydrogenation, 2 '-OH o x id a tio n -red u ctio n ,  
and 2 '-OH a c t iv a t io n  by phosphorylation, involv ing  such interm ediates  
have been ruled out by iso to p e ,  chem ical, and NMR-spectroscopic 
a n a ly s is  (Follmann, 1974).
The in te r a c t io n  o f E. c o l i  r ib on u cleo tid e  reductase with 2 ' -  
chloro or 2 ' - f lu o r o  n u cleosid e  diphosphates has been described above.
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The 2 ’- f lu o r o  sub strate  analogue reaction  a lso  r e s u lt s  in cleavage o f  
the N -g lycosy l linkage . The r e le a se  o f  Cl or F , inorganic pyrophos­
phate, and base from the sugar could be accounted for by generation o f  
a 3 ’-ketone interm ediate (Stubbe and Kozarick, 1980a; 1980b). Genera­
t io n  o f a 3 ’-ketone would l a b i l i z e  the 2'-H and 4 '-H o f  r ib o se ,  which 
a fte r  e lim ination  would y ie ld  a r e a c t iv e ,  unsaturated ketone. This 
r e a c t iv e  interm ediate i s  then proposed to  in a c t iv a te  protein  B1. 
Ketone g e n e r a t io n  must in v o lv e  3 ’-H l o s s ,  presum ably v ia  a 
r a d ic a l-c a t io n  mechanism. Spectroscopic evidence for the generation  
of  a ketone-contain ing interm ediate has been obtained (J. Stubbe, 
personal communication).
As in the L_;_ leichm annii reductase system, evidence for 3 ’-H 
cleavage during the reduction o f  r ibonucleoside  diphosphates by IS.
c o l i  r ib on u cleotid e  reductase has been reported (Stubbe and A ckles,
3
1980). A s e le c t io n  e f f e c t  against H o f  approximately 3 .3  has been
observed  u s in g  [ 3 '-^ H 3-U D P /[1 ]-UDP as enzyme s u b s t r a t e .  The
3 14decrease in the H/ C r a t io  for reaction  product as compared to
2
sub strate  demonstrates 3 ’-H c leavage . In a d d it io n , C3 Hl-UDP was
2
converted to  C3’-  H]-dUDP by the IE. c o l i  enzyme. These r e s u lt s  
in d ica te  that cleavage o f  the 3 ’C-H bond occurs during the reduction  
reaction . Thus d ir e c t  c leavage o f  the 2 ’-OH by an S^l or SN2 reaction
at the 2' carbon i s  improbable. S im ilar r e s u lt s  were obtained with
3 14[ 3 ' -  H]-ADP and [U- CJ-ADP (Ator e t  a l . ,  1982).
Based on t h is  inform ation, a model for the apparently unusual 
reduction mechanism has been proposed (Stubbe and Ackeles, 1980)(F ig-
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ure 7 ):  The protein  B2 ty r o sy l  ra d ica l may a b stract  a 3'-H from the
ribose  to generate ( I ) .  A more s ta b le  r a d ic a l-c a t io n  s p e c ie s  ( I I )  
would then be formed via  the lo s s  o f  2'-0H (p roton ated ). Reduction 
of ( I I )  at the 2' p o s it io n  by t h io l s  on protein  B1 would regenerate  
the 3 '-n u c leo t id e  r a d ic a l .  The hydrogen atom ( o r ig in a l ly  3 ’-H) i s  
re-abstracted  from the ty r o sy l  rad ica l to form product and regenerate  
the protein B2 r a d ic a l .
This h yp oth etica l mechanism i s  a lso  compatible with the B ^ - d e -  
pendent r ib on u cleo tid e  reductase mechanism prev iously  d isc u sse d .  Both 
the j£. c o l i  and L. leichm annii enzymes contain  a free  r a d ic a l ,  reac­
t iv e  t h io l s ,  and ca ta lyze  3 f-H c leavage. In the B.^-dependent system, 
3 3H r e le a se  to the so lv en t  from the [3 *— H] sub stra te  does not occur
(Stubbe e t  a l . ,  1981), whereas in the E. c o l i  enzyme system a small
3
but s ig n i f i c a n t  amount (0 .6?  at 60? extent o f  rea c t io n )  o f  H r e le a se  
i s  observed (Stubbe and A ckeles, 1980). Thus, the proposed mechanism 
for r ib on u cleo tid e  reductase may require m odifica tion  to  account for  
the minor v o la t i l i z a t i o n  of 3'-H from sub strate  in the ji. c o l i  reduc­
tase  system.
Mammalian R ibonucleotide Reductases 
Ribonucleotide reductases from mammalian sources have been more 
d i f f i c u l t  to p u r ify .  However, the enzymes from rabbit bone marrow 
(Hopper, 1978), c a l f  thymus (Engstrom e t  a l . ,  1979), Ehrlich tumor
c e l l s  (Cory e t  a l . ,  1980), and regenerating rat l i v e r  (Youdale and
MacManus, 1981) have been p u rified  e s s e n t ia l l y  to homogeneity. Some 
o f  the properties  o f  the mammalian enzymes are s im ila r  to those o f  the 
E. c o l i  r ibon u cleotid e  reductase. Mammalian reductases are composed
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Figure 7 Proposed mechanism for r ib on u cleosid e  diphosphate reductase  


















of two d i s t i n c t  subunit types which together form a c t iv e  enzyme but 
are in a c t iv e  alone. The regulatory  (M1) subunit binds both sub stra te  
and a l l o s t e r i c  e f f e c t o r s  w hile the complemen'tary c a t a ly t i c  (M2) sub­
unit i s  in a c t iv a ted  by both free  ra d ica l scavengers, e . g ,  hydroxyurea 
and by iron c h e la to r s .  The pattern o f  a l l o s t e r i c  con tro l for the mam­
malian enzymes i s  s im ila r  to that observed with the IS. c o l i  ribonu­
c le o t id e  reductase (Eriksson et; _al. ,  1979; Chang and Cheng, 1979).
The molecular weights o f  the mammalian enzymes and th e ir  c o n s t i ­
tuent subunits d i f f e r  from the values reported for the E. c o l i  enzyme. 
In ad d ition , the molecular weights vary with source. Polypeptide mo­
le c u la r  weights reported for the M1 and M2 subunits r e s p e c t iv e ly  in ­
clude 84,000 and 110,000 in c a l f  thymus (Engstrom e t  a l . ,  1979; The­
lander e t  a l . ,  1980), 127,000 and 75,000 in  Ehrlich Tumor c e l l s  (Cory 
e t  a l . ,  1980), and 100,000 for each in regenerating rat l i v e r  (Youdale 
and MacManus, 1981).
Calf Thymus R ibonucleotide Reductase
The most w ell  ch aracterized  mammalian r ib o n u c leo tid e  reductase i s  
from c a l f  thymus. A su c c e ss fu l  p u r i f ic a t io n  method for in ta c t  enzyme 
was designed which minimizes the separation  o f  the subunits (Engstrom 
e t  a l . , 1979). This s tr a te g y  i s  in con trast  to that used for the bac­
t e r i a l  enzyme in which the subunits were p u r if ied  se p a ra te ly .  How­
ever, the complementary M2 subunit in in ta c t  c a l f  thymus enzyme prepa­
ra t io n s  i s  obtained in su b -sto ich io m e tr ic  amounts. I t  i s  not known i f  
the M2 subunit i s  p r e fe r e n t ia l ly  l o s t  during the p u r if ic a t io n  proce­
dure, or a l t e r n a t iv e ly ,  i s  present in the c e l l  in nonsto ich iom etric  
amounts (Engstrom e t  a l . ,  1979).
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S tru ctu ra l Features  
Ml Subunit
The regulatory (M1) subunit o f  c a l f  thymus r ib on u cleo tid e  reduc­
ta se  has been p u r if ied  to homogeneity (Thelander e t  a l . ,  1980; Plumer, 
1980). In the absence o f a l l o s t e r i c  e f f e c t o r s ,  protein  M1 behaves as 
a monomer (5 .7  s) with a molecular weight o f 84,000. P hysica l charac­
t e r i s t i c s  o f  t h i s  subunit are analogous to  B1 from _E. c o l i .
_7
Protein M1 contains two binding s i t e s  for dATP (K  ^ = 3 X 10 M) 
and one binding s i t e  for dTTP (Kd = 2 X 10*"^  M) per 170,000 molecular 
w eig h t  (d im e r ) .  Both e f f e c t o r s  bind to  the M1 s u b u n it  in  a 
cooperative  manner. Equilibrium d ia ly s i s  experiments a lso  in d ica te  a 
competition between the binding o f  n u c leo tid e  e f fe c t o r s  to  these  
s i t e s .  ATP competes with dATP for binding to  both s i t e s ,  but a 2000 
fo ld  molar excess of ATP i s  required to block one o f  the two dATP 
binding s i t e s .  Furthermore, the presence o f  dTTP or dGTP decreases  
the binding o f  dATP to M1. At 50 fo ld  and 10 fo ld  molar excess  for 
dTTP and dGTP r e s p e c t iv e ly ,  the binding o f  dATP to  protein  M1 was 
decreased by approximately 50% in both ca ses .  A s ix  fo ld  molar excess  
o f  dGTP reduced dTTP binding to  protein  M1 by 90%, whereas a 500 -fo ld  
molar excess  o f  ATP only reduced dTTP binding by 70% (Thelander e t  
a l . , 1980). These experimental observations in d ic a te  the presence o f  
two kinds of e f f e c to r  binding s i t e s ,  one type s p e c i f i c  for ATP and 
dATP, and the other type capable o f  binding ATP, dATP, dTTP or dGTP. 
Thus a common property o f  protein M1 ( c a l f  thymus) and B1 (II. c o l i ) i s  
the presence o f  two d i f f e r e n t  c la s s e s  o f  e f f e c t o r  binding s i t e s  on the 
regulatory subunit. The b a c te r ia l  subunit contains two h-type s i t e s
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(dATP, ATP, dGTP, dTTP binding) and two 1-type s i t e s  (ATP or dATP 
binding) per protein B1 dimer. In c o n tra st ,  however, protein M1 con­
ta in s  only a t o t a l  of two binding s i t e s  per dimer. Therefore, the ob­
served cooperative binding e f f e c t s ,  appear to be s ig n i f i c a n t  in the 
mammalian enzyme system. Conversely, cooperative  e f f e c t s  except those  
involv ing ATP binding during e f f e c to r  binding have not been observed 
for the c o l i  r ib on u cleo tid e  reductase (Brown and Reichard, 1969b; 
Thelander e t  al_., 1980).
The binding o f n u c leo tid e  e f f e c t o r s  to c a l f  thymus protein  M1, as 
with the E. c o l i  system, causes changes in the hydrodynamic properties  
o f  the subunit. In s o lu t io n ,  the M1 subunit behaves as a monomer 
( 5 .7 s ) .  Addition o f  dTTP leads to  dimer ( 8 . 8 s) formation. The
presence o f dATP induces tetramer (1 5 .2 )  formation. However, in  the
presence of ATP, protein  M1 e x i s t s  as a mixture o f  both dimers and
tetram ers. Unlike the case with the E. c o l i  B1 subunit, Mg +^ ion did 
not a f f e c t  the sedimentation p rop erties  o f  c a l f  thymus protein  M1 
(Thelander e_t a l . , 1980).
M2 Subunit
The c a t a ly t ic  (M2) subunit has proven to  be q u ite  d i f f i c u l t  to  
obtain in homogeneous form. The reported l a b i l i t y  o f  the presumed
iron -conta in in g  subunit has been a major o b sta c le  during p u r if ic a t io n  
(Moore, 1977). The absence o f  sub strate  or e f f e c to r  binding s i t e s  on 
the subunit prevent i t s  i s o la t io n  by a f f i n i t y  chromatography. Two 
methods have been used to prepare p a r t ia l ly  p u r ified  M2 subunit 
(Thelander e t  a l . , 1980; Plumer, 1980). Both p ro toco ls  take advantage 
o f  a l l o s t e r i c  e f f e c to r  binding s i t e s  on protein M1. By removing the
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M1 subunit from complete enzyme, i t  i s  p o ss ib le  to  separate the  
complementary M2 subunit.
Chromatography o f  p a r t ia l l y  p u r if ied  c a l f  thymus enzyme on Blue
Sepharose which binds the Ml, but not the M2 subunit, was used for the
separation  of these  n o n - id e n t ic a l  p rote ins  (Thelander e t  ja l. ,  1980).
Protein M2 a c t iv i t y  (5 .6 s )  e luted with a molecular weight average o f
110,000 and r o f  48 A during chromatography on U ltrage l AcA34. This s
sp e c ie s  i s  reported to be a dimer o f  the 5 5 , 0 0 0  molecular weight 
protein  M2 component, which occurs in su b -sto ich io m e tr ic  amounts in  
high ly  p u rified  in ta c t  enzyme preparations (Engstrom e t  a l . ,  1979). 
A lte r n a t iv e ly ,  the binding o f  Ml to  DEAE-cellulose can be enhanced in 
the presence of ATP and Mg +^ ion , allow ing for the separate e lu t io n  o f  
each subunit type from the column when s ta r t in g  with p a r t ia l ly  pur­
i f i e d  in ta c t  enzyme (Plumer, 1980). Under these con d ition s  protein  M2 
e luted  from the column at a lower io n ic  strength  than protein  M1. The 
a c t iv i t y  o f crude preparations o f  protein  M2 was asso c ia ted  with a 
molecular weight sp e c ie s  o f  87,000 and 1 0 0 , 0 0 0  during g e l  chroma­
tography on Biogel A 1.5 M and Sephacryl S-300, r e s p e c t iv e ly .  Each 
chromatographic system y ie ld ed  s im ila r  r e s u l t s  for the S to k e 's  radius  
o f  protein M2, 35.9 A and 35.8 A (Plumer, 1980).
Comparison of M2 and B2 Subunit Types
The requirement o f  non-heme iron for a c t i v i t y  o f  the c a l f  thymus
ribon u cleotid e  reductase has been described (Engstrom e t  a l . ,  1979).
Treatment o f in ta c t  enzyme with EDTA causes in a c t iv a t io n  which was
reversed by re-ad d it ion  o f iron as Fe(NHjj) (SO4 ^  or as an 
ascorbate complex. In con tra st  to the IE. c o l i  enzyme, MnClg r e a c t i ­
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vated the c a l f  thymus p ro te in  almost as w ell  as iron (Brown e t  a l . ,
1969; Engstrom ^ t  al_, 1 9 7 9 ) .  I n t a c t  r i b o n u c l e o t i d e  r e d u c ta se
59r e -a c t iv a te d  with Fe was applied to a g ly c e r o l  grad ien t.  A good 
c o r r e la t io n  was observed between the peaks o f  r a d io a c t iv i ty  and enzyme 
a c t i v i t y  sedimenting through the gra d ien t.  However, d ir e c t  iron  
a n a ly s is  o f  in ta c t  enzyme y ie ld ed  a value o f  about 0 . 0 3  gram atoms o f  
iron per mole o f enzyme assuming an enzyme molecular weight range o f  
200,000-300,000 (Engstrom e t  a l . ,  1979). This r e s u lt  was c o n s is te n t  
with the observed su b sto ich iom etr ic  amount o f  the 55,000 molecular 
w eig h t  p o ly p e p t id e  (M2), which i s  o b ta in e d  in  i n t a c t  enzyme 
preparations (Engstrom e t  a l . ,  1979).
The unique r o le  of prote in  M2 as the iron -co n ta in in g  subunit o f  
r ib on u cleo tid e  reductase was further e s ta b l ish e d  by treatment o f  
p a r t ia l ly  p u r if ied  i s o la te d  M2 subunit with EDTA follow ed by g e l  
f i l t r a t i o n  to remove c h e la t in g  agent and any m eta l-ch e la te  complexes 
(Plumer, 1980). When protein  M2 was assayed in the presence o f  
EDTA-treated protein  M1, no s ig n i f i c a n t  d i f fe r e n c e  in enzyme a c t iv i t y  
was observed as compared to the c o n tr o l .  However, treatment o f  
protein  M2 with EDTA r esu lted  in an apo-M2 protein  preparation which 
when added back to  p rote in  M1 had no c a t a ly t i c  a c t i v i t y  (Plumer,
1980). The s u c c e ss fu l  r e c o n s t i tu t io n  o f  enzyme a c t i v i t y  with apo-M2 
protein  by the addition  o f  iron and M1 subunit has not been reported.  
Iron can be used to a c t iv a te  preparations o f  in ta c t  apoenzyme. 
Apparently, the presence o f protein  M1 during treatment with EDTA 
s t a b i l i z e s  the complementary M2 subunit and f a c i l i t a t e s  cofactor  
r e c o n s t i t u t io n .
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Other s ig n i f i c a n t  d i f f e r e n c e s  between p rote in s  B2 from E_. c o l i  
and M2 from c a l f  thymus do e x i s t .  Hydroxyurea in h ib it s  DNA sy n th e s is  
in  both e u k a r y o t ic  c e l l s  and in  E^  c o l i  by i n t e r f e r i n g  w ith  
r ib on u cleotid e  reduction (C a s te l lo t  et: al_., 1978). The drug destroys  
the free rad ica l o f prote in  B2 in  JE. c o l i  (Atkin e t  _al. ,  1973).
Hydroxyruea a lso  in h ib i t s  c a l f  thymus r ib on u cleo tid e  reductase to  a 
degree s im ila r  to that observed with the IE. c o l i  enzyme (Brown e t  a l . ,  
1969a; Engstrom e t  aL., 1979). However, the in h ib it io n  o f  the 
mammalian r ib o n u c leo tid e  reductase i s  unlike that o f  the b a c te r ia l  
enzyme in that i t  i s  r e v e r s ib le  (Engstrom e t  £ l . ,  1979). Using
p a r t ia l ly  p u r if ied  preparations o f  i so la te d  M2 subunit trea ted  in a 
sim ilar  fa sh ion , Thelander e t  a l . , (1980) have shown the ta r g e t  to be 
the M2 subunit. Mammalian and IE. c o l i  r ib o n u c leo tid e  reductases  
d i f f e r  in th e ir  s e n s i t i v i t i e s  towards su b st itu te d  th iosem icarbazones. 
Although they are e f f e c t i v e  iron c h e la to r s ,  they do not act  by 
removing iron from the enzyme. Fe-thiosem icarbazone complexes are 
b e tte r  enzyme in h ib ito r s  than the non-complexed forms (Agrawal e t  a l . ,  
1977; S a r t o r e l l i  e t  a l . ,  1977). The E. c o l i  enzyme i s  unaffected  at 
concentrations which in h ib i t  the Novikoff hepatoma enzyme by 50% 
(Thelander and Reichard, 1979). 2 ' -d e o x y -2 '-a z id o c y t id in e  diphosphate
acts  as a kcat in h ib ito r  o f  E. c o l i  protein  B2 by s p e c i f i c a l l y  
destroying the free  ra d ica l during reduction (Thelander e t  al^., 1976). 
With the c a l f  thymus enzyme, the a z id on u cleo tid e  a c ts  as a com petitive
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in h ib ito r  o f  normal sub strate  CDP, with a KT o f  2 .3  X 10 M as com­
pared with the for CDP o f  1.4 X 10  ^ M (Engstrom at a l . , 1979). 
Removal of the analogue by g e l  f i l t r a t i o n  resu lted  in f u l ly  a c t iv e  
enzyme.
The r e v e r s ib le  in h ib it io n  o f  c a l f  thymus r ib o n u c leo tid e  reductase  
by both hydroxyurea and 2 ' -a z id o c y t id in e  diphosphate i s  in strong con­
t r a s t  to the ir r e v e r s ib le  in h ib it io n  these compounds exert  upon the ji. 
c o l i  enzyme. This in d ic a te s  s tr u c tu r a l  d i f fe r e n c e s  at the c a t a ly t i c  
s i t e  and p o ss ib ly  d i f f e r e n t  c a t a ly t i c  mechanisms for the ii. c o l i  and 
mammalian enzymes. In a d d it io n , i t  has been suggested that the mam­
malian enzyme may not contain  a permanent f r e e -r a d ic a l  (Engstrom e t  
a l . ,  1979). For the c a l f  thymus enzyme, the e x is te n c e  o f  a fr e e -r a ­
d ica l  could not be demonstrated by EPR spectroscopy (Thelander and 
Reichard, 1979). This r e s u l t  does not preclude the occurrence o f  a 
free  ra d ica l in c a l f  thymus prote in  M2. The sub sto ich iom etr ic  amounts 
o f  protein M2 found in in ta c t  enzyme preparations (Engstrom e_t a l . ,  
1 9 7 9 ) may r e s u lt  in an enzyme rad ica l l e v e l  below the l im i t  o f  rad ica l  
d etec t io n  by EPR spectroscopy. A protein  M2-related rad ica l s ig n a l  
has re c e n t ly  been reported for a mammalian r ib o n u c leo tid e  reductase .  
H y d r o x y u r e a -r e s i s t e n t  mouse f i b r o b l a s t  3T6 c e l l s  were shown to  
overproduce the M2 subunit o f  r ib o n u c leo tid e  reductase . Packed 
r e s i s t e n t  c e l l s  gave an EPR s ig n a l  at 77 K q u ite  s im ilar  to that  
obtained for the ty r o sy l  f r e e -r a d ic a l  o f  _E. c o l i  B2 (Xkerblom o t  a l . ,
1981). Isotope s u b s t i tu t io n  experiments have confirmed that the 3T6 
c e l l  rad ica l s ig n a l was lo c a l iz e d  at a ty ro s in e  residue (Graslund e t  
a l . ,  1982). Small d i f f e r e n c e s  in s ig n a l  hyperfine character , as
compared to E_. c o l i  protein  B2, were a ttr ib u ted  to a s l i g h t l y  changed 
geometry o f  the methylene group in r e la t io n  to the plane o f  the  
ty ro sy l  aromatic r in g . The d if fe r e n c e  in ty ro s in e  f r e e -r a d ic a l  s tru c­
ture suggests  a s l i g h t  a l te r a t io n  in polypeptide conformation around 
the res id u e . A pronounced d if fe r e n c e  in the microwave sa tu ration
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c h a r a c te r is t ic s  was observed for the enzyme from f ib r o b la s t  c e l l s  when
compared to that o f  JE. c o l i  protein  B2. This e f f e c t  was a ttr ib u ted  to
e ith e r  d if fe r e n c e s  in the mode o f  ra d ica l  in te r a c t io n  with u n sp e c if ic
param agnetic  io n s  or the b in u c le a r  iro n  c e n t e r .  The
a n tiferro m a g n etica lly  coupled iron p a ir ,  shown to be present in the IE.
»«
c o l i  enzyme, has been postu lated  for the mammalian enzyme (Graslund et  
a l . , 1982). But a f r e e -r a d ic a l  s ig n a l  a t tr ib u ta b le  to  a h igh ly
p u r if ied  mammalian r ib on u cleo tid e  reductase has not been reported.  
Thus, the physica l p rop ert ies  o f  and the exact  c a t a ly t i c  mechanism 
involv ing  the mammalian r ib on cu leotid e  reductase M2 subunit may in  
fa c t  be qu ite  d i f f e r e n t  from the JE. c o l i  counterpart. The presence o f  
a permanent free  rad ica l in a mammalian r ib on u cleo tid e  reductase may 
require the presence o f other components present in a crude c e l lu la r  
ex tra ct  but absent from h igh ly  p u rified  enzyme preparations.
A common feature o f both the c a l f  thymus and E. c o l i  ribonucleo­
t id e  reductases i s  the capacity  o f  the s in g le  enzyme from e ith e r  
source to reduce the four common r ib on u cleosid e  diphosphates. E ffec­
tor requirements are more d i s t i n c t  for the c a l f  thymus enzyme which 
c a ta ly z e s  the reduction o f the four su b stra tes  at almost id e n t i c ia l
ra tes  (Eriksson e t  a l . ,  1979). A summary o f  K and V values for  —  —  m max
th e  d i f f e r e n t  s u b s t r a t e s  o f  p u r i f i e d  c a l f  thymus r ib o n u c l e o t i d e  
reductase i s  shown in Table I l i a .  A l i s t  o f  both p o s i t iv e  and 
n egative  e f f e c to r s  for the reduction o f  each sub stra te  i s  a lso  pre­
sented (Table I l l b ) .
Hydrogen Transport Systems
Two d i f f e r e n t  hydrogen donor systems have a lso  been id e n t i f i e d
TABLE Ilia*
K„ and Vm„_ Values fo r  th e  D if fe re n t  S u b s tra te s  o ftn max
P u r if ie d  C alf Thymu3 R ibo n u cleo tid e  Reductase
Km V (nmol max '
S u b s tra te s (X 10"5 M) min-1 mg- 1 ) e f f e c to r
CDP 3 .0 -3 .2 22 .0 ATP (5 X 10-3  H)
UDP 10 14.2 ATP (5 X 10-3  H)
ADP 2 .8 -5 .0 19.6 dGTP (5 X 10-4  H)
+ ATP (2 X 10“ 3 M)
GDP 4. 3 -5 .0 18.5 dTTP (5 X lO'"'4 H)
+ ATP (2 X 10"3 H)
(•from  E rikksson  e t  a l . ,  1979)
TABLE Illb*
S tim u la to ry  and In h ib i to ry  E f f e c ts  o f  D if fe re n t  
N ucleoside T rip h o sp h a tes  on th e  A c tiv i ty  o f  
• C a lf  Thymus R ib o n u c leo tid e  R eductase
S u b s tra te s
P o s it iv e  E f fe c to r8 o r  
E f fe c to r  Com bination I n h ib i t io n 43
CDP ATP (1 X 10"3 M) dATP (5 X 10~6 N)
UDP dTTP (1 X 10-“ H)
dGTP (1 X io - u H)
GDP dTTP (5 X 10-6  M) dATP (5 X 10-6 M)
+ ATP (1 X 10-3  M) dGTP (5 X IQ"5 N)
ADP dGTP (5 X 10‘ 6 H) dATP (5 X 10"6 M)
+ ATP (1 X 10"3 M) dTTP (5 X 10-5 H)
E f fe c to r  c o n c e n tra tio n s  r e p re s e n t  (a ) th e  v a lu es  fo r  
half-m ax im al s t im u la t io n , and (b ) th e  va lu es  which g iv e  
half-m axim al in h ib i t io n  o f  th e  s tim u la te d  r e a c t io n .
for the c a l f  thymus r ib o n u c leo tid e  reductase system. Thioredoxin from
e ith e r  c a l f  thymus or E. c o l i  does not e x h ib it  s p e c ie s  s p e c i f i c i t y ,
and i s  e q u a l ly  a c t i v e  as a hydrogen donor in  c r o s s - r e a c t i v i t y
experiments (Luthman £ t  al_., 1979). R ibonucleotide reductase does
show a s p e c i f i c i t y  toward homologous g lu tared ox in . Calf thymus g lu -
-7taredoxin has an apparent K of 6 .0  X 10 M (a t  4 mM reduced g lu ta -m
thione con cen tration s)  with the homologous r ib o n u c leo tid e  red u ctase ,
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but a value of 1.9 X 10“ M with the E. c o l i  enzyme (Luthman and 
Holmgren, 1982). The b io lo g ic a l  s ig n i f ic a n c e  o f  the e x is te n c e  o f  two 
p o te n t ia l  pathways o f hydrogen transport in eukaryotic and prokaryotic  
t i s s u e  remains to be determined.
A l lo s t e r ic  Regulation
K in etic  s tu d ie s  have demonstrated that CDP and GDP compete for  
the same c a l f  thymus r ib o n u c leo tid e  reductase c a t a ly t i c  s i t e  (Eriksson  
e t  a l . ,  1979). This inform ation, taken together with the a b i l i t y  o f  
the enzyme to c a ta ly ze  the reduction o f  a l l  four r ib on u cleosid e  
diphosphates and the e x is te n c e  o f  two c la s s e s  o f  a l l o s t e r i c  e f f e c t o r  
s i t e s  on the M1 subunit (Thelander e t  a l . ,  1980) has been in tegrated  
in to  a scheme which l in k s  _in vivo r ib o n u c leo tid e  reduction to  DNA 
s y n th e s is  (Figure 8 ) (Eriksson j |t  a l . , 1979; Thelander and Reichard, 
1979). This general scheme for the e f fe c to r  regu la t ion  o f  ribonu­
c le o t id e  reductase has the fo llow in g  fe a tu r e s .  The a c t iv e  form o f  the  
r ib o n u c leo tid e  reductase always binds ATP. The seq u e n tia l  reduction  
of CDP and UDP by the ATP-activated enzyme r e s u lt s  in the eventual 
accumulation o f  dCTP and dTTP in the c e l l .  The increased  concentra­
tion  o f  dTTP shuts o f f  the reduction o f  the pyrimidine su b s tr a te s .  
The ATP-activated enzyme, in the presence o f  dTTP, c a ta ly z e s  the
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Figure 8 . Scheme for the p h y s io lo g ic a l  regu la tion  o f  r ib o n u c leo tid e  
reduction. Broken arrows stand for p o s i t iv e  e f f e c t s ,  the  
shaded bars for  n egative  e f f e c t s .  APT i s  always bound to  















reduction o f GDP. Accumulation o f dGTP turns o f f  GDP reduction and 
stim u lates  ADP reduction. The reduction o f ADP i s  the l a s t  s tep  o f  
the proposed sequence. Accumulation o f dATP iri v iv o , e . g .  in  the 
absence of DNA s y n th e s is ,  r e s u l t s  in the t o t a l  suppression o f  ribo­
n u cleotid e  reductase a c t i v i t y .  Since th is  in h ib it io n  i s  r e v e r s ib le  by 
ATP, the a c t iv i t y  o f  the enzyme ^n vivo i s  regulated by the r a t io  o f  
the adenosine n u cleosid e  tr iphosphate pools (Eriksson e t  ja l. ,  1979).
Hydroxyurea (Skoog and Nordenskjold, 1971), thymidine (B ju r se l l  
and Reichard, 1973) and deoxyadenosine (Meuth £ t  s d . , 1976) have been 
shown to in h ib it  DNA sy n th e s is  in cu ltured  mammalian c e l l s .  The .in­
h ib it io n  o f  DNA sy n th e s is  was accompanied by a l t e r a t io n s  in the in tr a ­
c e l lu la r  concentration  o f  deoxyribonucleotides . These concentration  
d iffe r e n c e s  can now be accounted for and are c o n s is te n t  with the  
a l l o s t e r i c  contro l pattern described above.
In v e s t ig a t io n s  r e la t in g  to the m etabolic pathogenesis  o f  human 
immunodeficiency d ise a se  such as d e fe c t iv e  T - c e l l  immunity (G ib le tt  et. 
a l . , 1975) and T-lymphocyte d e f ic ie n c y  (G ib le tt  e t  a l . ,  1972) a s s o c i ­
ated with an in h er ited  d e f ic ie n c y  o f  one or two purine salvage en­
zymes, have im plicated an imbalance in the a l l o s t e r i c  con tro l o f  r ibo­
n u cleotid e  reductase as a contributing  fa c to r  (Cohen e t  a l . ,  1979). 
P atien ts  with th ese  d isord ers  are d e f ic ie n t  in adenosine deaminase 
and/or purine n u cleosid e  phosphorylase. The su b str a tes  o f  the m issing  
enzymes, most notably dATP and dGTP, accumulate and have p o te n t ia l ly  
to x ic  metabolic e f f e c t s .  Ribonucleotide reductase i s  the proposed 
targ et  for these to x ic  deoxyribonucleotides  which occur at abnormally
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high l e v e l s  in the p a t ie n t ' s  lymphocytes (Martin and G elford, 1981). 
A response o f  the r ib on u cleo tid e  reductase con tro l mechanism, under 
these  cond itions would be to cause an imbalance in the deoxyribo-  
n u c le o t id e  c o n c e n t r a t io n s .  T h is  l e s i o n  would a l t e r  lym phocyte  
metabolism, fu n ctio n , and p r o l i f e r a t io n .
Mutants of T-lymphoma c e l l s  (S49) in continuous cu ltu re  have been 
used as models to study d e fe c ts  in the r ib on u cleo tid e  reductase con­
t r o l  mechanism. A r ib o n u c leo tid e  reductase in s e n s i t iv e  to  dATP feed­
back in h ib it io n  occurs in a mutant c e l l  l i n e ,  dGuo-200-1 (Ullman e t  
a l . ,  1980). The in tr a c e l lu la r  l e v e l s  o f  a l l  four deoxyribonucleotides  
are 2 -  to 5 - fo ld  greater than those found in the parental c e l l  l i n e .  
The enzyme from the mutant c e l l  l in e  i s  only h a lf  as s e n s i t iv e  to  dATP 
in h ib it io n  as i s  the enzyme from normal c e l l s .  The mutant c e l l s  were 
la te r  shown to contain equal amounts o f  two types o f  r ib on u cleo tid e  
reductase M1 subunit, one o f  which was in s e n s i t iv e  to dATP in h ib it io n  
(Eriksson e t  a l . ,  1981a). Both types o f  the M1 subunit were p u rified  
to  near homogeneity by a f f i n i t y  chromatography. Peptide mapping did 
not demonstrate the nature o f  the d if fe r e n c e  between these  two regu­
la to r y  subunit typ es .  However, the abnormal protein  M1 i s  presumably 
the product o f  a mutant a l l e l e  o f  the protein  M1 gene. The ex isten ce  
o f  two mutant a l l e l e  products in another S40 c e l l  l in e  (dGuo-L) 
su b sta n t ia te s  the previous conclusion  (Ullman e t  a l . ,  1981). Two
a ltered  M1 polypeptides from the dGuo-L c e l l  l in e  were shown to be 
d is t in g u ish a b le  by e f f e c t o r  response. While one M1 polypeptide was 
s e n s i t iv e  to dGTP in h ib it io n  and stim ulated by dATP, the second M1 
polypepetide was in s e n s i t iv e  to dGTP in h ib it io n  but not in h ib ited  by
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dATP. A mutant S49 c e l l  l in e  contain ing an M1 subunit type r e s i s t e n t  
to dTTP in h ib it io n  has a lso  been described (Eriksson e t  a l . ,  1982).  
Competition experiments ind icated  that the mutation i s  a sso c ia ted  with 
an a l l o s t e r i c  domain d e f in e d  as th e  s u b s t r a t e  s p e c i f i c i t y  s i t e  
( h - t y p e )  o f  the  M1 s u b u n i t .  The dGuo-200-1 m utant, which i s  
in s e n s i t iv e  to dATP, contains an M1 polypeptide with an a ltered  
o v e r a l l  a c t iv i t y  (1 -typ e) e f f e c to r  binding s i t e  (Eriksson e t  a l . , 
1981b). Therefore, the occurrence o f  M1 polypeptide mutants, with  
a ltered  h- or 1 -typ e  a l l o s t e r i c  s i t e  c h a r a c t e r i s t i c s ,  provides g en e t ic  
evidence for independent a l l o s t e r i c  domains o f  protein  M1, each 
r e s p o n s ib le  for  a d i f f e r e n t  a s p e c t  o f  r i b o n u c l e o t i d e  r e d u c ta s e  
a l l o s t e r i c  co n tro l .
R ibonucleotide Reductase and DNA Syn th esis  
In th e  absence  o f  f u n c t i o n a l  r i b o n u c l e o t i d e  r e d u c t a s e ,  th e  
in tr a c e l lu la r  deoxyribonucleoside tr iphosphate pools are s u f f i c i e n t  
only for a few seconds o f  continuous DNA s y s t h e s i s  (Skoog e t  a l . ,  
1974). The l e v e l  o f enzyme a c t i v i t y  i s  d ir e c t ly  r e la ted  to  the rate  
of  c e l l  growth (Thelander and Reichard, 1979). The complex a l l o s t e r i c  
contro l pattern o f r ib o n u c leo tid e  reductase allow s for  the balanced  
production o f  precursors for DNA s y n th e s is ,  but does not account for  
changes in the enzyme a c t i v i t y  as a function  o f  c e l l  growth r a te .  
V ariations in the a c t iv i t y  o f  r ib on u cleotid e  reductase known to occur 
during the c e l l  cy c le  (Murphree e t  j i l . ,  1969; Lin e t  a l . ,  1980) have 
recen tly  been shown to r e s u lt  from a non-coordinate contro l o f  the 
l e v e l s  o f  the complementary M1 and M2 subunits (Eriksson and Martin, 
1981; Cory and F le is c h e r ,  1982). In Ehrlich tumor c e l l s ,  a decrease  
in  CDP reductase a c t iv i t y  and c e l l  p r o l i fe r a t io n  in vivo was re la ted
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to a decrease in the amount o f  prote in  M1 in the c e l l s .  In 
regenerating rat l i v e r ,  the maximal l e v e l  o f  reductase a c t i v i t y
occurred 3 6  hours a f te r  p a r t ia l  hepatectomy w hile the l e v e l  o f  prote in  
M2 a c t iv i t y  was maximum at 24 hours. Therefore, the components o f  
r ib on u cleo tid e  reductase were not coord in ate ly  varied u n t i l  the point  
o f  maximal enzymatic a c t i v i t y  (Cory and F le is c h e r ,  1982).
Additional evidence o f  a non-coordinate con tro l o f  r ib o n u c leo tid e  
reductase subunit a c t i v i t y  has been obtained using cultured  mouse 
lymphoma (S49) c e l l s .  Treatment o f  c e l l s  with dibutryl-cAMP a r r e s ts  
S49 c e l l s  in the G1 growth phase (C offino  e t  al_., 1975). C e lls
arrested  in G1 showed only  10 to  20% of the normal r ib o n u c leo tid e  
reductase a c t i v i t y .  Addition o f  exogenous M2 subunit, but not Ml, 
caused a fo u r -fo ld  s tim u la tion  o f enzyme a c t i v i t y  in  the e x tr a c ts  from 
G1-arrested c e l l s .  Thus, the a c t i v i t y  o f  protein  M2 was decreased in  
G1-arrested c e l l s  in p a r a l le l  with the decrease o f  in ta c t  enzyme 
a c t iv i t y  (Eriksson and Martin, 1981). A population o f  exp on en tia lly  
growing S49 c e l l s  was a lso  separated in to  a 90% pure G1 c e l l  popula­
t io n ,  a mixture of G1 and early  S phase c e l l s ,  and a 95% pure S/G2 
phase c e l l  population by c e n tr i fu g a l  e l u t r ia t io n .  The d is tr ib u t io n  o f  
DNA content per c e l l  was analyzed by flow cytometry and the amounts o f  
complementary r ib o n u c leo tid e  reductase subunits determined for each
c e l l  population. The s p e c i f i c  a c t i v i t y  o f  protein M1 remained the 
same in each c e l l  population , but that o f  M2 was decreased by 60% in
the G1 population (Eriksson and Martin, 1981). This suggests  that the
non-coordinate con tro l o f  r ib o n u c leo tid e  reductase a c t i v i t y  in v o lv es  a 
c e l l  cycle-dependent v a r ia t io n  in the a c t iv i t y  o f  the M2 subunit.
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These r e s u lt s  may a lso  exp la in  the apparent su b -sto ich io m e tr ic  amounts 
o f  protein  M2 obtained in preparations o f  in ta c t  r ib on u cleo tid e  
reductase from c a l f  thymus (Engstrom e t  a l . ,  1979). Thymus t i s s u e  may 
contain a large proportion o f  c e l l s  in the r e s t in g  (G1) phase o f  the 
c e l l  cy c le  (Eriksson and Martin, 1981).
The l e v e l  o f  mammalian r ib o n u c leo tid e  reductase a c t i v i t y  iji vivo  
appears to be modulated by both a complex a l l o s t e r i c  co n tro l pattern  
and a non-coordinate c e l l  cycle-dependent v a r ia t io n  in complementary 
subunit l e v e l s .  The m etabolic  con tro l exerted on and by r ibonucleo­
t id e  reductase may be o f  even greater s ig n i f ic a n c e  i f  the enzyme i s  
part o f  a m u ltip rote in  complex for DNA r e p l i c a t io n .  R ibonucleotide  
reductase from j£. c o l i  (Lunn and P ig i e t ,  1979), T4 in fe c te d  IE. c o l i  
(Mathews e t  a l . ,  1979; A llen  e t  _al. ,  1980), and Chinese hamster embryo 
f ib r o b la s t  c e l l s  (Reddy and Pardee, 1981) has been found a sso c ia ted  
with other enzymes o f  DNA r e p l ic a t io n  in a high molecular weight com­
p lex . This complex or "rep licase"  would be capable o f  e f f i c i e n t  and 
economical channeling o f  deoxyribonucleotides  to  the DNA r e p l ic a t io n  
fork in a manner not f e a s ib le  for independent so lu b le  enzymes. A lso ,  
con tro l o f  the DNA sy n th e t ic  ra te  by a l l o s t e r i c  modulation o f  " r e p l i -  
case" enzymes would be more d ir e c t  and e f f i c i e n t .
P ersp ect iv es
The r ib on u cleo tid e  reduction s tep  i s  a lo g ic a l  ta rg e t  point in 
the design o f various cancer chemotherapeutic agents, which function  
as enzyme in h ib ito r s .  R ibonucleotide reductase in h ib it io n  r e s u l t s  in 
a rapid and almost t o t a l  in h ib it io n  o f  DNA sy n th e s is  (Skoog and
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Nordenskjold, 1971; Cory and M ansell, 1976) and a decrease in the rate  
o f  c e l l  growth (Thiess and F isch er , 1976). Several compounds have 
been evaluated as p o te n t ia l  drugs in c l i n i c a l  t r i a l s ,  inc lud ing  
hydroxyurea (Thurman, 1 9 6 4 ) ,  and th e  a - ( N ) - h e t e r o c y c l i c
carboxaldehyde thiosem icarbazones ( S a r t o r e l l i  e t  _al. ,  1968; French £ t  
a l . ,  1974). Hydroxyurea unfortunately  has a low p o te n t ia l  for in  vivo  
use because i t  i s  a weak iji v i t r o  r ib on u cleo tid e  reductase in h ib ito r  
(E lford, 1968). This drawback n e c e s s i ta te s  the adm inistration  o f  
frequent and high doses for  e f f e c t i v e  a n t in e o p la s t ic  a c t i v i t y .  The 
th io s e m ic a r b o z o n e s , which are p o te n t  r i b o n u c l e o t i d e  r e d u c ta s e  
in h ib ito r s ,  are i n e f f e c t i v e  and to x ic  in humans (deConte e t  _a l. , 1972; 
K ra k o ff ,  1 9 7 4 ) .  C h em oth erap eu tic  a g e n t s ,  d i r e c t e d  a g a in s t  
r ib on u c leo tid e  reductase , cu rren tly  being studied include im id azo l-  
pyrazole (IMPY) compounds (Brockman e t  a l . ,  1978), polyhydroxybenzene 
d e r iv a t iv e s  (Elford e t  a l . ,  1981), and combinations o f  s e le c te d
a n t in e o p la s t ic  agents (Cory e t  a l . , 1981).
A b iop h ysica l understanding o f  the enzyme's s tr u c tu r e ,  fu n c tio n ,  
and regu lation  i s  p r e r e q u is ite  to the design o f  s p e c i f i c  in h ib ito r s .  
Drugs such as th e se ,  un like  the chemotherapeutic agents d irec ted  at 
a lte r n a t iv e  metabolic s t e p s ,  might e f f e c t i v e l y  attenuate  uncontrolled  
c e l l  p r o l i fe r a t io n  by in f lu en c in g  only one m etabolic conversion .  
Compounds which a f f e c t  both complementary subunits are cu rren tly  being 
evaluated in other la b o r a to r ie s .  However, a lack o f  p h ysica l in fo r ­
mation regarding the M2 subunit has complicated in h ib ito r  s e le c t io n  
and d es ign .
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The B2 subunit o f  the E.. c o l i  r ib on u cleo tid e  reductase e x h ib its  a 
U V -visib le  absorption spectrum which i s  remarkably s im ila r  to that  
observed for oxyhemerythrin. Spectral s im i l a r i t i e s  between IS. c o l i  
protein B2 and hemerythrin are considered to be re la ted  to  conserva­
t io n  o f iron binding domain c h a r a c t e r i s t i c s .  The apparent iron center  
homology between two p rote ins  with very d i f f e r e n t  b iop h ysica l and 
fu nction a l character i s  o f  great i n t e r e s t ,  and im p lies  fu n ction a l  
domain conservation . The p o s s i b i l i t y  e x i s t s  th a t  protein  M2 may a lso  
contain an analogous dimeric iron cen ter .  To gain in s ig h t  on these  
and other problems p erta in in g  to the b iop h ysica l nature o f  the mam­
malian r ib on u cleotid e  red u ctases ,  more M1 s tr u c tu r a l  inform ation, and 
a p u r if ic a t io n  method for and a ch a ra c ter iza t io n  o f  M2 are required.
I I . MATERIALS
Thymus t i s s u e  from 2-6 month old ca lv es  was obtained from a lo c a l  
slaughterhouse (J.T. Trelegan Co., Cambridge, MA). The fresh  t i s s u e  
was frozen and stored at -85°C. dATP-Sepharose was synth es ized  by 
Debra Ward (Ward, 1980) according to  Berglund and Eckstein (1974) as 
m odified by Knorre e t  ^1. (1976). Highly p u r if ied  j£. c o l i  r ibonucleo­
t id e  reductase was the generous g i f t  o f  Dr. JoAnne Stubbe (U n iv ers ity  
of Wisconsin, Madison).
A ll chemicals were reagent grade or the b est  grade commercially  
a v a ila b le .  A ll  b u ffers  were prepared with water p u r if ied  by reverse  
osm osis, d e io n iz a t io n ,  and f i l t r a t i o n  s t e r i l i z a t i o n  (M ill i-Q , M i l l i -  
pore Corporation, Bedford, MA).
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I I I .  METHODS 
Ribonucleoside Diphosphate Reductase Assay
The assay for r ib on u cleosid e  diphosphate reductase a c t i v i t y  was 
based on a m odifica tion  o f  procedures described by Cory and Mansell 
(1975), Larson (1969), and Moore (1967).  The concentrations o f  ATP 
and Mg^H^COO- )^ used in the assay were optimized for the reduction o f  
the c y t id in e  diphosphate (CDP) sub stra te  (Plumer, 1980). The sub-
■3 3
s t r a t e ,  5 -  H- cy t id in e -5 '-d ip h o sp h a te  ( H-CDP) (New England N uclear),  
was stored at -85°C prior to  u se . Unlabeled CDP was added to  g iv e  a 
f in a l  s p e c i f i c  a c t i v i t y  of 33 uCi/umol.
CDP reductase a c t i v i t y  was assayed in a f in a l  volume o f  120 ul  
contain ing 7 .7  mM potassium phosphate b u ffe r ,  pH 7 .0  which was 0.1 mM 
in CDP, 6 .2  mM in d i th io e r y t h r i to l  (DTE), 3 .3  mM in  ATP, 2 .0  mM in  
Mg(CH2C0O~)2, 8 .3  mM in NaF, 0.06 mM in FeCl^, and contained 0 .4  uCi 
o f  H-CDP (33 uCi/umol). Assay mixtures were incubated at 37 C for  
twenty minutes and the reaction  terminated by p lacing  the t ig h t ly  
capped assay tube in a b o i l in g  water bath for 5 minutes fo llow ed by a 
b r ie f  c e n tr ifu g a t io n .  Control values were obtained by incubating 100 
ul o f  a b o iled  enzyme preparation with the standard assay components. 
A ll  assays and con tro ls  were performed in d u p lic a te .
The product o f  CDP reductase a c t i v i t y ,  2 ' -d e o x y c y id in e -5 ' -d i­
phosphate (dCDP) was hydrolyzed to  the deoxyribonucleoside by snake 
venom phosphodiesterase I (Crotalus atrox venom). To each assay tube,  
in a t o t a l  volume of 100 u l ,  the fo llow in g  components were added: 1
mg of snake venom (Sigma), 0.288 nmole o f  2 ' -d e o x y c y t id in e -5 ’-mono-
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phosphate, and 1 .0  nMole o f  MgClg in 0 .03  M Tris-HCl b u ffe r ,  pH 9 .0 .  
After addition o f the h y d ro ly s is  mixture, each assay tube was incu­
bated at 37°C for 2 .5  hours. After incubation , the reaction  was again 
terminated as described above, and brought to a f in a l  volume o f  1.0 ml 
by addition  o f water. The assay tube was then centrifuged  to  sediment 
denatured protein  and the supernatant applied to a column of Dowex-1- 
borate , to  separate the deoxy- and r ib on u cleosid es  (Steeper and 
Stuart, 1970). 2 '-d eoxycytid in e  was com pletely e luted  from the
Dowex-1-borate column with 4 .0  ml o f  water. A 1.0 ml a l iq u o t  o f  the
TMe f f lu e n t  was placed in a s c i n t i l l a t i o n  v ia l  with 10 ml o f  Scint-A  
(Packard Instrument Co., Dovers Grove, IL) s c i n t i l l a t i o n  c o c k t a i l .  
R ad io a ct iv ity  was determined by counting in a Beckman LS7000 s c in ­
t i l l a t i o n  counter.
One un it  o f  r ib o n u c leo tid e  reductase a c t i v i t y  i s  defined as that  
amount o f  enzyme which converts 1.0 nmole o f  CDP to  dCDP per minute at  
37°C under the con d ition s  d escr ibed .
Prote in  Determination  
Protein  was determined by using Coomassie B r i l l i a n t  Blue G-250 
(Bio-Rad Laboratories) as described by Bradford (1976).
P u r if ic a t io n  o f  I n ta c t  R ibonucleotide Reductase 
The procedure for the preparation o f  h igh ly  p u r if ied  in ta c t  
r ib o n u c leo tid e  reductase was patterned a f te r  that o f  Engstrom e t  
a l . ,(1979) but was s im p lif ie d  by e lu t in g  the DEAE-cellulose column in 
a stepw ise manner (Plumer, 1980), d e le t in g  the hydroxylapatite  column, 
and rep lacing  the g e l  chromatography d e sa lt in g  s tep  with d i a l y s i s .
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A ll p u r if ic a t io n  procedures were carried  out at about 4°C, except  
for the dATP-Sepharose step  which was performed at 25°C. A protein  
determination and a r ib o n u c leo tid e  reductase assay were performed at 
each s tep  o f  the procedure. A schematic o u t l in e  o f  the s tep s  involved  
i s  shown in Figure 9.
Homogenization
Approximately 1.5 kg o f frozen ( -8 5 °C) c a l f  thymuses were broken 
in to  small p ie c e s ,  roughly one cubic inch and placed in 2 .6  1 o f  50 mM 
Tris-HCl, 0 .1  mM DTE pH 7 .6  (Buffer A) at room temperature. The 
t i s s u e  was allowed to p a r t ia l ly  thaw, with occas ion a l s t i r r i n g ,  at 
room temperature for one hour. After thawing, t i s s u e  homogenization 
was carried  out at 4°c in a s t a in l e s s  s t e e l  Waring blender. The 
homogenate was centrifuged  at 13,000 X g for 40 minutes to  remove 
in so lu b le  m a ter ia l .  The supernatant was f i l t e r e d  through g la ss  wool 
to  remove l ip id  m a ter ia l .
P r e c ip ita t io n  with Streptomycin S u lfa te
2.0% (w/v) streptomycin s u l fa te  in  buffer  A was s low ly  added to  
the f i t r a t e  to g ive  a f in a l  concentration  o f 0.5%. The mixture was 
s t ir r e d  on ic e  for 20 minutes. After standing an a d d it io n a l  10 
minutes, the suspension was centrifuged  as described above.
P r e c ip ita t io n  with Ammonium S u lfa te
Solid  ammonium s u l f a t e  (Schwartz-Mann, u ltrapure) was added to  
the streptomycin s u l fa te  supernatant to a f in a l  concentration o f 40%. 
Upon d is s o lu t io n ,  the sample was allowed to stand an a d d it io n a l  10 
minutes before c en tr ifu g a t io n  at 13,000 X g for 40 minutes. The 
p e l l e t s  were d isso lv ed  in Buffer A (15-20% of o r ig in a l  volume). Equal
64
Figure 9. Scheme for the p u r if ic a t io n  o f the complementary subunits  
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a liq u o ts  were placed in to  three  d i a l y s i s  bags (Spectrapor 2 , Spectrum 
Medical In d u s tr ie s ,  I n c . ,  Los A n geles) .  Each bag was then d ia ly sed  
overnight aga in st  4 l i t e r s  o f  Buffer A with one b u ffer  change. In so l­
uble m ateria l was removed from the d ia ly s a te  by c e n tr ifu g a t io n  at  
19,500 X g for 10 minutes.
DEAE -  C e l lu lo se  Chromatography
The supernatant o f  the cen tr ifu g a ted  d ia ly sa te  was applied  to  a 5 
X 45 cm D E A E -c e llu lo se  column (DE-52, Whatman) which had been  
p rev io u sly  eq u il ib ra ted  with Buffer A. The flow ra te  was maintained 
at 4 ml/min u n t i l  the sample was loaded. The sample was follow ed by 1 
1 o f  Buffer A and the flow  ra te  increased  to  5 ml/min. The e lu en t  was 
then changed to  2 1 o f  Buffer A, 0 .05 M KC1. Ribonucleoside diphos­
phate reductase a c t i v i t y  was then e lu ted  with 3 1 o f  Buffer A, 0.1 M
KC1 (Buffer B). The f i r s t  840 ml o f t h is  e lu en t V ) was discardedo
and the remaining f r a c t io n s  pooled in to  4 equal a l iq u o ts  designated  
fr a c t io n s  A, B, C, and D. Each pool (volume ^ 500 ml) was made 80%
saturated  in ammonium s u l f a t e  and centrifuged  at 13,000 x g for 40 
minutes. The p e l l e t s  were resuspended in a minimal volume o f  Buffer A 
(5-15 ml) and d ia lyzed  aga in st  4 l i t e r s  o f  Buffer A overn ight with one 
buffer  change. Following d i a l y s i s  the samples were qu ick ly  frozen in 
dry ic e /a c e to n e  and stored at -85°C.
dATP-Sepharose Chromatography
Those pools from the previous s tep  conta in ing  the h ig h est  r ibo­
n u cleosid e  diphosphate reductase a c t i v i t y  ( 1 .5 - 4 .0  u n its /m l)  were 
thawed, combined, and made 0.1 M in  KC1. A minimum o f  55 u n its  were 
centrifuged  at 3,000 x g for 10 minutes. Small a l iq u o ts  o f  the super-
natant ( ^ 2 . 5  ml) were in d iv id u a l ly  warmed to  25°C by sw ir l in g  in a 
37°C water bath and degassed. S u ccessive  a l iq u o ts  were applied  to  a 
0 .9  X 2 .0  cm column o f  dATP-Sepharose which had been eq u il ib ra ted  with  
Buffer B at 25°C. The flow rate  was 6 .0  ml/hour. Following sample 
a p p l ic a t io n ,  the column was e lu ted  with Buffer B u n t i l  the absorbance 
o f  the e f f lu e n t  at 280 nm was l e s s  than 0 .05 . The column was then 
e lu ted  with Buffer B conta in ing  0 .5  mM ATP u n t i l  the e f f lu e n t  
absorbance at 295 nm was l e s s  than 0 .0 5 .  In ta c t  r ib on u cleo tid e  
reductase was then e luted  with 7 .5  ml o f  Buffer B conta in ing  50 mM 
ATP. A ll fr a c t io n s  were c o l le c t e d  on i c e .  The Buffer B conta in ing  50 
mM ATP e lu en t  (7 .5  ml) was brought to 80% satu ration  in ammonium 
s u l f a t e  by addition o f  s o l id  and cen tr ifu ged  at 13,200 X g for 40 min. 
The p r e c ip ita te  was resuspended in a minimal volume (1 ml) o f  Buffer  
A. The in ta c t  r ib o n u c leo tid e  reductase sample was then d ia lyzed  
aga in st  4 1 o f  Buffer A overn igh t,  frozen in dry ic e /a c e to n e ,  and 
stored a t -85°C or separated in to  i t s  component subunits in the next 
s tep .
The dATP-Sepharose (1 .5  ml) was regenerated a f te r  each use by 
washing the res in  with 20 ml o f 6- M guanidinium-HCl (sequanal grade, 
P ierce)  followed by a prolonged wash with 50 mM Tris-HCl, pH 7 .6  as 
p reviously  described (Ward, 1980).
Chromatography on DEAE C e llu lo se  in the Presence o f  ATP and Mg(CH-, C0Q-~).-,
Separation o f  the component subunits , M1 and M2, o f  p u r ified  
in ta c t  r ib on u cleo tid e  reductase was accomplished by an adaptation o f  a 
procedure which had p rev iou sly  been used to separate the a c t i v i t y  o f  
the complementary subunits in crude preparations (Plumer, 1980).
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A 0 .9  X 2 .3  cm DEAE-cellulose column (DE-52, Whatman) was 
eq u ilib ra ted  at 0-4°C with 0 .05  M Tris-HCl b u ffe r ,  pH 7 .6 ,  which was 
0.10  mM in DTE, 4 mM in ATP, and 4 mM in Mg(CH3COO")2 (Buffer C). 
P u rif ied  in ta c t  r ib on u c leo tid e  reductase (25-60 u n its )  in Buffer C was 
made 0 .05 M in KC1 and allowed to stand at 0°C for 1 hour. The sample
was applied to the column at 6 m l/hr. I t  was then e luted  with about
10 ml o f Buffer C conta in ing  0 .1  M KCL. When the absorbance o f  the
fr a c t io n s  (1 .5  ml) at 295 nm had returned to zero, 10 ml o f  Buffer C
containing 0 .25 M KC1 was applied  to the column. Subunit M2 e lu ted  in  
the 0.1 M KC1 conta in ing  b u ffe r ,  while subunit M1 i s  found in the 0.25  
M KC1 f r a c t i o n s .  The p u r i f i e d  s u b u n it s  were c o n c e n tr a te d  by 
p r e c i p i t a t i o n  w ith  80% s a tu r a te d  ammonium s u l f a t e  f o l lo w e d  by 
c en tr ifu g a t io n  at 13,200 X g, 40 minutes. The p e l l e t s  were then 
d isso lv ed  in 0 .5 -1 .0  ml o f  Buffer B and d ia ly sed  against 4 1 o f  the 
same buffer for 4 hours with one change a f te r  two hours. A liquots  
were removed for assay and protein  determ ination, and the M1 and M2 
subunit fr a c t io n s  were frozen in dry ic e /a c e to n e  and stored at -85°C.
SDS-Polyacrylamide Gel E lectrop h ores is  
Preparations o f  in ta c t  r ib o n u c leo tid e  reductase and i t s  p u r if ied  
subunits were electrophoresed  in tube g e ls  using the method o f  Weber 
and Osborn (1969) or in 11-14% exponential gradient s lab  g e ls  using  
the d iscontinuous buffer  system of Laemmli (1970) as described by 
0 'F arre ll  (1975). Samples for slab  ge l  a p p lica tion  were made 10% 
(w/v) in g ly c e r o l ,  5% ( v /v )  in 6 -m ercaptoethanol, 2.3% in SDS and 
62 .5  mM in Tris-HCl pH 6 .8  (SDS sample b u ffer)  and- denatured at 100°c 
for 10 minutes. Samples contain ing l e s s  than 600 ug protein/m l were 
prepared for e le c tr o p h o r e s is  by addition  o f  an excess  volume o f  SDS
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sample buffer (15-20 f o l d ) .  The samples were then denatured, and con­
centrated in a d isp osab le  m u lt iw e ll  Minicon-CS15 concentrator (Amicon, 
Danvers, MA) to a volume appropriate for g e l  a p p lic a t io n .  Molecular 
weight standards were run sim ultaneously  for M^  comparisons. The SDS 
g e l  c a l ib r a t io n  standards (Pharmacia) contained the fo llow ing  pro­
t e in s :  phosphorylase b (9 4 ,0 0 0 ) ,  bovine serum albumin (6 7 ,0 0 0 ) ,
ovalbumin (4 3 ,0 0 0 ) ,  carbonic anhydrase (3 0 ,0 0 0 ) ,  tryp sin  in h ib ito r  
(20,100) and a - lacta lb u m in  (1 4 ,4 0 0 ) .  T yp ica lly  5 ug o f  each sample 
and 5 ug o f  each standard component was applied to each g e l  la n e .
In preparing exponentia l gradient g e l s ,  a volume of 10.7 ml was
used in the front chamber o f the gradient mixer. The separating  g e l
volume was 29.5 ml ( 0 'F a r r e l l ,  1975). The o v e r a ll  separating g e l
dimensions were 12.5 X 14 X 0 .15  cm. E lectrophoresis  was carr ied  out
at 30 mA constant cu rren t /s la b  for approximately 3 .5  hours. Gels were
wsta ined  for a minimum of 4 hours with 0.1% ( /v )  Coomassie B r i l l i a n t  
Blue R-250, 9.1% ( V/v )  a c e t ic  acid and 45.5% ( V/v )  methanol, and d i f ­
fusion  destained in 5% (V/v )  methanol, 10% (v/v )  a c e t ic  a c id .  Gels 
were preserved by drying on a s lab  g e l  dryer (H oeffer, San Francisco ,  
CA).
Amino Acid Composition A nalysis  
The amino acid composition o f p u r ified  r ib on u cleotid e  reductase  
subunits was determined using a Beckman model 118CL amino acid  
analyzer in ter faced  to a Varian model CDS-111C in teg r a to r .  Indiv idual  
subunit samples were d ia lyzed  overnight against M illi-Q  system water 
at 4°C to remove buffer s a l t s .  A liquots o f  each sample were placed in 
h yd ro lysis  tubes and vacuum d ess ica ted  overnight to remove s o lv e n t .
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A liquots o f  d ia ly sa te  were sim ultaneously  run as a con tro l for  
p o ss ib le  background contamination.
Samples were hydrolyzed _in vacuo in 1.0 ml of constant b o i l in g  
HCL, 5 .7  M (sequanal grade. P ierce) for 24 hours at 110°C. Prior to  
h y d ro ly s is ,  a drop o f  0 .5  M hydrazine was added to  prevent ty ro s in e  
degradation (Sanger and Thompson, 1963). After h y d r o ly s is ,  h y d ro ly s is  
tubes each contain ing a sample were placed in a vacuum d e ss ic a to r  con­
ta in in g  one 400 ml beaker with NaOH p e l l e t s  and another o f  concen­
trated to  remove s o lv e n t .  The dry samples were next d isso lv ed
in a minimal volume (<1.0 ml) of 0 .2  N sodium c i t r a t e  pH 2 .2  con­
ta in in g  0.5% th io d ig ly c o l  and 0.1% phenol (sample d i lu t io n  buffer)  
(Beckman Instruments, Palo A lto , CA). A liquots  o f  the r e -d is so lv e d  
samples were in jec ted  onto the amino acid analyzer and chromatographed 
by s in g le  column methodology as described (Spinco A pplication  Note 
AN-001, 4 /77 , Beckman Instruments, Spinco D iv is io n )  using a m odifi­
cation  o f  procedures o r ig in a l ly  d e ta ile d  by Hamilton (1963) and 
Spackman, S te in ,  and Moore (1958).
Tryptophan was determined with the amino acid analyzer using the 
h yd ro lysis  procedure of Simpson e t  a l .  (1976). Protein  h yd ro lysis  was 
carried out jLn vacuo in the presence o f  4N m ethanesulfonic acid  
containing 0.2% 3-(2 -a m in o eth y l) in d o le  (P ierce Chemical Co.) for 24 
hours at 110°C. After h y d r o ly s is ,  the contents o f  the tube were 
p a r t ia l ly  neu tra lized  by addition  o f an equal a l iq u o t  o f  3 .5  N NaOH, 
and in jec ted  onto the ana lyzer .
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The determination o f  h a l f - c y s t in e  as c y s t e ic  acid was accom­
p lish ed  by o x id iz in g  the sample protein  with performic acid according  
to  Moore (1963) prior to  h y d ro ly s is  as p rev iou sly  described with  
omission o f  the hydrazine.
C orrections for the degradation of threonine and ser in e  were 
performed by hydrolyzing id e n t ic a l  samples for 24, 48, and 72 hours 
r e s p e c t iv e ly ,  prior to amino acid a n a ly s is .  The logarithm o f  the  
concentration o f  these  res id u es  was p lo tte d  versus h y d ro ly s is  time and 
extrapolated  to zero h y d ro ly s is  time to  co rrec t  for l o s s e s .  I so le u ­
c in e  and leu c in e  were q uantita ted  by p lo t t in g  the concentration o f  
each versus inverse  tim e, and ex tra p o la tin g  the l in e  to  i n f i n i t e  
h yd ro lysis  time.
The a n a ly zer / in teg r a to r  system was ca l ib ra te d  by chromatographing 
an amino acid standard referen ce  mixture (Beckman Instrum ents). For 
the c y s te ic  acid determ ination , an a l iq u o t  o f  c a l ib r a t io n  standard was 
treated  with performic acid and subjected to h yd ro ly s is  as described .  
Recovery o f  c y s t e ic  acid was corrected  for lo s s e s  during manipulation, 
by norm alization to s ta b le  components such as leu c in e  or iso le u c in e .
For the tryptophan determ ination , an extern a l tryptophan standard
_3
was prepared by making a 6 .5  X 10 M stock  tryptophan (Sigma) 
s o lu t io n .  A 1:50 d i lu t io n  was made and the u l t r a v io l e t  absorbtion  
spectrum in the region o f  250-300 mm measured with a H itachi Perkin-  
Elmer Coleman 124 double beam spectrophotom eter. The absorbance 
values at 278 and 272 nm were then employed to  determine the actual
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concentration  of tryptophan in the stock  s o lu t io n .  The molar e x t in c ­
t ion  c o e f f i c i e n t s  used were 5579 and 5344 1/M cm (Sober, 1970), re­
s p e c t iv e ly .  The concentration  value in d icated  by the absorbance mea­
surement was in agreement with the value obtained at the second wave­
len gth , t y p ic a l ly  by b e t te r  than 99%. F in a l ly ,  an appropriate a l iq u o t  
was added to the sample d i lu t io n  b u ffer  and the c a l ib r a t io n  standard 
to  y ie ld  a f in a l  component concentration  r e f l e c t in g  the s e n s i t i v i t y  
s e t t in g  o f  the analyzer (u su a lly  10 nmoles o f  each amino a c id / in j e c ­
t i o n ) .  A lso , the pH o f  the s in g le  column methodology Buffer C (1 .0  N 
Na c i t r a t e ,  pH 6 .4 )  and the f in a l  column incubation temperature 
(62-65°C) were a lte red  as required to  f a c i l i t a t e  the r e so lu t io n  o f  
ammonia and tryptophan, which under l e s s  than optimal con d ition s  would 
not be w ell  reso lv ed .
A n a ly t ic a l  Peptide Peptide Mapping 
Peptide mapping was performed by lim ited  sample p r o te o ly s is  in  
SDS (Cleveland ert a l . ,  1977) follow ed by a n a ly t ic a l  ge l e lectrophor­
e s i s .  To insure subunit p u r ity ,  samples (8-15 ug) were f i r s t  run on 
an 11-14% exponential grad ient SDS s la b  g e l  as d escr ib ed . V isu a liza ­
t io n  o f  the protein  bands was performed by p lac ing  the g e l ,  immediate­
ly  a f te r  completion o f e le c tr o p h o r e s is ,  in to  10-20 volumes o f  4 M 
sodium a ce ta te  at 25°C. The g e l s  were then a g ita ted  by slow rec ip ­
roca l shaking for 30-60 minutes. Those reg ions contain ing protein  
appeared as transparent bands aga in st  a white background o f  p r e c ip i­
ta ted  unbound SDS (Higgens and Dahmus, 1979). Bands o f  in t e r e s t  were 
cut from the g e l ,  placed in 1.0 ml o f 0.125 M Tris-HCl, pH 6.8 con­
ta in in g  0.1% SDS and 1 mM EDTA, and stored at -20°C u n t i l  u se .
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Limited P r o te o ly s is  in SDS
Ind iv idua l gel p ieces  were thawed and placed in 10 ml o f  0.125 M 
Tris-HCl, pH 6 .8  conta in ing  0.1% SDS and 1 mM EDTA. The s l i c e s  were 
eq u il ib ra ted  for 0 .5  hours at 25°C. Each s l i c e  was then trimmed and 
placed in a sample w e ll  o f  a second g e l ,  the w e l ls  o f  which had been 
prev iously  f i l l e d  with the same b u ffe r .  10 ul o f  t h i s  buffer  con­
ta in in g  20% g ly c e r o l  was used to f i l l  the spaces around the s l i c e .  
F in a l ly ,  the sample was overlayed with 10 ul o f  t h i s  b u ffer  contain ing  
10% g ly c e r o l  and 0.1 ug S. aureus V8 protease (M iles , 36-900-1)  
(Cleveland £ t  a l . , 1977). The height o f  the stack ing g e l  was 5 cm. 
The separating  g e l  was a 12-18% exponentia l gradient SDS slab  ge l  
poured as described above. Separating g e l  dimensions were 8 .5  X 14 X 
0.15 cm. E lectrop h ores is  was performed as b efore , except that when 
the tracking dye had reached the bottom o f  the stack ing  g e l ,  the cur­
rent was turned o f f  for 0 .5  hours, then re-ap p lied  u n t i l  the tracking  
dye had migrated to the bottom of the separating g e l .  D etection  o f  
peptides and/or protein  in the polyacrylamide g e l  was performed by 
s ta in in g  with Coomassie Blue as p rev io u sly  d escr ibed .
M2 Subunit Iron Determination
The iron content o f  p u r if ied  r ib o n u c leo tid e  reductase c a t a ly t i c  
(M2) subunit was evaluated by the method- o f  atomic absorption spec­
troscopy. An Instrumentation Laboratories model 951 AA/AE sp ectro ­
photometer equipped with a model 655 furnace atomizer system was used 
throughout t h i s  study.
A ll p lasticw are used for sample or reagent preparation was care­
f u l ly  cleaned, soaked in 0.5% HNO^  overn ight, cop iously  rinsed with
M illi-Q  system water, and dried prior to u se . Samples o f  c a t a ly t i c  
subunit were evaluated as prepared in 0.1 M KC1, 0.1 mM DTE, 50 mM 
Tris-HCl pH 7 .6 .  In a d d it io n ,  to  e lim in ate  a p o te n t ia l  background 
problem o f  iron coordinated to T r is ,  a l iq u o ts  o f  each sample were 
buffer  exchanged in to  0 .1  M KC1, 50 mM N-2-hydroxyethyl p ip eraz in e-  
N f-2 -e th a n e su lfo n ic  acid pH 7.6  (Chelex-100 treated  HEPES b u ffe r ) .  
Prior to use , 500 ml o f  0.1 M KC1, 50 mM HEPES pH 7 .6  was passed over 
a 1.5 X 20 cm column o f  Chelex-100 (Bio-Rad Laboratories) to  remove 
any contaminating m eta ls . 300 u l a l iq u o ts  o f  sample were then run on 
a 0 .9  X 3 .2  cm column o f  B i o - g e l  P-6 (B io-R ad L a b o r a to r ie s )  
eq u ilib ra ted  with the Chelex-100 treated  HEPES b u ffe r .  The e n t ir e  
column assembly was comprised e x c lu s iv e ly  o f  polypropylene or t e f lo n  
m a ter ia ls .  The flow ra te  was 4 .0  m l/hr. The e f f lu e n t  was c o l le c te d  
in polypropylene t e s t  tubes (12 X 75 mm). Prior to sample buffer  
exchange, the reso lv in g  e f f i c i e n c y  and e lu t io n  c h a r a c t e r i s t ic s  o f  the  
column system had been f i r s t  evaluated in an id e n t ic a l  s i tu a t io n  using  
a mixture o f  BSA and NaN^  as Vq and IT markers, r e s p e c t iv e ly .
The atonic absorption spectrophotometer was operated in the 
s in g le  beam mode with deuterium background c o r r e c t io n .  The d etector  
was adjusted to the primary absorbance l in e  o f Fe at 248.3 nm. The 
d etector  s e n s i t i v i t y  was 1 AUFS and the band pass 0 .3  mm. A non­
coated p y ro ly t ic  graphite  cu v e tte  (Instrumentation Laboratories) was 
used in the e l e c t r i c  furnace assembly. Cuvette con d ition in g  and 
clean ing was carried  out by repeated (10-15X) furnace program c y c lin g  
up to 2900°C. The furnace program u t i l i z e d  during sample a p p lic a t io n ,  
drying, p y r o ly s is ,  and atom ization i s  shown in Figure 10.
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Figure 10. Furnace program employed during M2 subunit iron content  
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Instrumentation was standardized with a c e r t i f i e d  atomic absorp­
t io n  Fe reference standard (F ish e r ) .  The 1,000 PPM referen ce  so lu t io n  
was d ilu ted  with 0 .5 % HNO^  (U ltrex , VWR) to  prepare a c a l ib r a t io n  
curve in the operating range u t i l i z e d  (Figure 11). This data was com­
p iled  by the spectrophotometer m icroprocessor, and the instrument then
programmed for operation in the a u t o - c a l ib r a t e / f l e x  curve mode. The 
r e s u lt in g  2 or 3 ng Fe absorbance value was subsequently  used as a 
reference point by the f l e x  curve software to  compensate for in stru ­
ment d r i f t  during op era tion . Standards were run rep eated ly  during the  
a n a ly s is  to c o r r e la te  the c a l ib r a t io n  curve s lope  with changes in
instrument s e n s i t i v i t y .  Control blanks were repeated ly  run to  monitor 
and compensate for any b a se l in e  d r i f t  using the auto-zero  ro u tin e .
20 u l volumes o f  standards and samples were in je c te d  in to  the 
furnace. Each a liq u o t  was d e liv ered  manually from a new RC 20 p ip e t te  
t ip  (Rainin c e r t i f i e d ,  Rainin) attached to  a G ilson P20 pipetman.
Protein  contain ing samples in e i th e r  buffer  system described were 
d ilu ted  prior to a n a ly s is  with an equal volume o f  1% HNO^  (U ltrex ,  
VWR) contain ing 0.1 M NH^ NO^ . NH^ NO^  was added to  f a c i l i t a t e  the
removal o f  buffer system KC1, as NH^Cl and KNO^  s in c e  th ese  compounds 
decompose at p y r o ly t ic  and not atomization furnace temperatures, and 
thus remove s a l t  which otherw ise might in te r fe r e  in the a tom ization ,  
e . g . ,  Fe determination s tep  (P r ice ,  1979). Subsequent sample d i lu ­
t io n s  were made with 0.5% HNO^  (U ltrex) to  obtain absorbance va lues  in  
the l in e a r  range o f  the c a l ib r a t io n  curve.
Figure 11. C alibration  curve for iron standards run on atomic absorp 
t io n  spectrom eter. Each point represents  an average o f  
four con secu tive  absorbance values obtained at each stand  
ard concentration .
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Gel F i l t r a t io n  Chromatography 
A n a ly t ica l  ge l ex c lu s io n  chromatography was performed using a 
Beckman model 332 h igh  perform ance l i q u i d  chrom atograph (HPLC) 
equipped with an Altex Spherogel TSK-3000SW column (7 .5  X 600 mm + 7.5  
X 100 mm guard column). The system was eq u il ib ra ted  with 0.25 M KC1, 
50 mM Tris-HCl pH 7 .6 .  Chromatography was performed at 0°C using a 
flow ra te  o f  30 m l/hr. The e f f lu e n t  was monitored at 280 mm with a 
H itachi model 100-40 spectrophotometer equipped with an A ltex model 
155-00 standard a n a ly t ic a l  flow c e l l .
Column c a l ib r a t io n  was performed by chromatographing various
native  protein  standards, alone and as m ixtures, under the conditions  
described above. Standards used to c a l ib r a te  the column included  
f e r r i t i n  (horse sp leen , 4 40 ,000 ),  gamma-globulin (bovine, 167,000),  
a ld o la se  (rabb it muscle, 158 ,000), hexokinase (y e a s t ,  102 ,000), o v a l­
bumin (hen, 4 3 ,0 0 0 ) ,  and tryp sin  in h ib ito r  (soybean, 2 0 ,1 0 0 ) .  Blue
Dextra 2000 (Pharmacia, >10^) and NaN_ (65) were used to  determine V3 o
and , r e s p e c t iv e ly .
R ib o n u c le o t id e  r e d u c ta s e  su b u n it  sam ples  were thawed and 
c l a r i f i e d  by b r i e f  c e n t r i f u g a t i o n  in an Eppendorf model 5413 
cen tr ifu g e  (6500 X g, 3 minutes) prior to in je c t io n  onto the HPLC.
Determination o f  Subunit Oligomeric Structure  
The oligom eric s tru ctu re  o f  the p u rified  r ib on u cleo tid e  reductase  
c a t a ly t i c  (M2) subunit was determined by chemical c r o s s - l in k in g .
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C ross-linking  rea ct io n s  were performed in the presence o f  0.1 M KC1 to  
f a c i l i t a t e  subunit s t a b i l i t y  (Thelander e t  al_., 1980). The protein
concentration se le c te d  was 160 ug/ml to  favor .crosslink ing  within  
protomer over that between protomer (Davies and Stark, 1970).
Chemical Cross-Linking with Dimethyl Suberimidate
The con d ition s  employed for subunit M2 c r o s s - l in k in g  with d i ­
methyl suberimidate were according to H i l l e l  and Wu (1977). A 300 ul  
a liq u o t  of subunit M2 (1 mg/ml) in Buffer B was applied to  a 0 .9  X 3 .2  
cm column of B io -g e l P-6 which had prev iously  been eq u il ib ra ted  with 
0.1 M KC1, 0.1 mM DTE, 50 mM Bicine-KOH pH 8.5  (Reaction Buffer B) and 
ca lib ra ted  as d escr ibed . The flow rate  was 4 .0  m l/hr, and the column 
operating temperature was 4°C. The Vq f r a c t io n s  contain ing the 
sample were pooled and the protein  concentration  determined. The 
sample was next d i lu ted  with Reaction Buffer B to a protein  concen­
tr a t io n  o f  175 ug/ml. Immediately prior to  use , dimethyl suberim i-  
date-HCl (DS) (P ierce ,  l o t  #081280-7) was d isso lv ed  in reaction  buffer  
(30 mg/ml) and the pH qu ick ly  adjusted to  pH 8 .5 ,  A one part a l iq u o t  
of DS reagent was then added to nine parts o f  protein  so lu t io n  in the 
same b u ffe r .  The f in a l  DS and protein  concentrations were 3 mg/ml and 
160 ug/ml, r e s p e c t iv e ly .
Termination o f  Chemical Cross-Linking Reactions
After incubating at 25°C for various time p er iod s, in d iv id u a l  
r ea ct io n s  were terminated by add ition  o f  an excess  o f  ethanolamine-  
HC1, pH 8 .0 .  The f in a l  concentration  o f  reaction  quenching agent was 
0.14 M for the DS c r o s s - l in k in g  r e a c t io n .  Twenty minutes l a t e r ,  the  
sample was made 1% in SDS and 2% in 6-mercaptoethanol ( t o t a l  sample
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volume = 1 .0  m l). At the end o f the time course , the samples (5-15 X 
1.0 ml) were d ia lyzed  against 1.5 1 o f 0.01 M sodium phosphate pH 7.1  
containing 0.1% SDS, 0.1% B -m ercaptoethanol, and 10% g ly c e r o l ,  over­
n ight at 37°C. Each sample was then concentrated to a minimum volume 
( ^ 25 u l)  in an Amicon d isp o sa b le  m u ltiw ell  CS-15 concentrator prior  
to  g e l  a p p lica t io n  and e le c tr o p h o r e s is .
E lectrop h ores is  o f  Chemically Cross-Linked P rote in s
SDS g e l  e l e c t r o p h o r e s i s  in  a c o n t in u o u s  b u f f e r  system  was 
performed according to the procedure o f  Maizel (1966) as described  by 
Shapiro e t  a l .  (1967), with m o d if ic a t io n s .  To improve the r e so lu t io n  
o f  higher molecular weight s p e c ie s ,  a f in a l  acrylamide g e l  composition  
of T = 3.8%, C = 2.63% ( B i s ) ,  0.1 M sodium phosphate, 0.1% SDS, pH 7.1  
was s e le c t e d .  The e le c tr o p h o r e s is  b u ffer  was 0.1 M sodium phosphate, 
0.1% SDS, pH 7 .1 .  The volume o f  the sample placed in the w e ll  (6 mm 
width) o f  the continuous s lab  ge l was 10-20 u l .  The dimensions o f  the  
separating ge l  were 13.5 X 14 X 0.15 cm. C ross-linked BSA (Sigma) was 
used as the Mr marker system ( ^ 15 ug /  la n e ) .
E lectrop h ores is  was carried  out under constant vo lta g e  at 50 
v o l t s  i n i t i a l l y  for 0 .5  hours, fo llow ed by 100 v o l t s  (14 w atts  power) 
for an ad d it ion a l 5 .0  hours. Gels were s ta in e d ,  d i f fu s io n  d esta in ed ,  
and preserved as p rev io u sly  d escr ib ed .
A n a ly t ic a l  U ltr a c e n tr ifu g a tio n  
Sedimentation v e lo c i t y  was determined with a Beckman Model E 
a n a ly t ic a l  u ltr a c e n tr ifu g e  using an AN-D ro to r .  Samples (4-7 mg/ml) 
in  0 .1  m KC1, 0.1 mM DTE, 50 mM Tris-HCl pH 7 .6  were run in a double
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sec to r  sy n th e t ic  boundary c a p i l la r y  type c e l l  (Beckman #306075) at 
52,640 RPM and 20°C. Sample boundary movement was measured using  
S ch lieren  o p t ic s  (bar angle 40-55°) and recorded on Kodak m e ta l lo -  
graphic p la te s .  Sedimentation c o e f f i c i e n t  values were corrected  to  
those which would be obtained in water.
Spectra
U V -visib le  spectra  were obtained using a Beckman DU-8 spectro­
photometer equipped with a 1 scan compuset ( s e r i e s  G) and 1 cm path-  
length  c u v e t te s .  Typical run con d it io n s  were as fo l lo w s:  scan ra te  =
50 nm/min, s l i t  width = 0 .2 ,  and read average = 5. Cuvette tempera­
ture was maintained at 11-12°C by a p ie z o e le c t r ic  temperature regu­
la to r  which was part o f  the c u v e tte  tra in  assembly.
Prior to a n a ly s is  samples were cen tr ifu ged  in an Eppendorf model 
5413 cen tr ifu g e  (6500 X g, 3 minutes) to  remove p a r t ic u la te  m atter.  
Molar e x t i n c t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  u s in g  a monomeric 
molecular weight o f 84,000 for M1 and 58,000 for M2.
Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance (EPR) f i r s t  d e r iv a t iv e  spectra  
were recorded using e ith e r  a Varian E-4 or an E-9 spectrometer both 
equipped with 100 kHz f i e l d  modulation. Temperature con tro l was 
achieved by using a quartz l iq u id  nitrogen Dewar in s e r t  contain ing  
l iq u id  nitrogen for those experiments at 77 K. In some c a s e s ,  bumping 
due to l iq u id  nitrogen b o i l in g  was minimized by coating  the quartz EPR 
tube with g ly cero l prior to freez in g  by l iq u id  n itrogen immersion 
(Chasteen, 1977). Samples were evaluated as prepared or with added
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components in a 0.1  M KC1,, 0 .1  mM DTE, 50 mM Tris-HCl pH 7 .6  b u ffer .
A Mine computer (D ig ita l  Equipment Corp.) was attached on l i n e  to  
the Varian E-9 spectrom eter. Software used for spectra  accumulation  
and subsequent s ig n a l  averaging ( to  improve the s ig n a l /n o is e  r a t io )  
were as described (Rosenberg, 1982).
IV. RESULTS
P u r if ic a t io n  o f  C alf Thymus R ibonucleotide Reductase 
The p u r if ic a t io n  o f c a l f  thymus r ib o n u c leo tid e  reductase was 
based upon m od if ica t io n s  o f  a method i n i t i a l l y  ou tlin ed  by Eriksson e t  
a l . (1977) and described in d e t a i l  by Engstrom e t  a l .  (1979).  The 
procedure was scaled  up to accommodate 1 .5 -1 .8  kg o f  c a l f  thymus 
t i s s u e  as s ta r t in g  m a ter ia l .  Table IV, a composite o f  three d i f f e r e n t  
enzyme preparations, shows ty p ic a l  r e s u l t s .  The i n i t i a l  s p e c i f i c  ac­
t i v i t y  o f  the homogenate i s  in the area o f  that p rev iou sly  observed 
under the same assay con d it ion s  (Plumer, 1980). Streptomycin s u l fa te  
p r e c ip ita t io n  r e s u lt s  in a su b s ta n t ia l  increase  in the t o t a l  number o f  
enzyme u n its  probably due to the p recipation  o f n u c le ic  acids  which 
are in h ib ito r s  o f  the enzyme. In the i n i t i a l  s tep s  o f  p u r i f ic a t io n ,  
there are probably in h ib ito r y  fa c to r s  p resen t, th erefore  the s p e c i f i c  
a c t iv i t y  va lues are probably not a good in d ica tor  o f  true enzyme con­
ten t  o f  fr a c t io n s  (Engstrom e t  a l . , 1979).
The stepw ise e lu t io n  o f  the DEAE-cellulose column (Plumer, 1980) 
f a c i l i t a t e d  the c o l l e c t io n  o f  fr a c t io n s  conta in ing  r ib o n u c leo tid e  re­
ductase . The t o t a l  y ie ld  o f  enzyme a c t i v i t y  in the pools designated  A 
through D varied from 50-100 u n its  in su c c e ss fu l  op era tions .  Those 
fr a c t io n s  containing enzyme with the h igh est  s p e c i f i c  a c t i v i t y  (B,C) 
represent a 168-fold  p u r if ic a t io n  over the s ta r t in g  m ater ia l .  After  
adaptation o f  the scaled-up  p u r if ic a t io n  procedure, the assay o f  r ibo­
nucleotid e  reductase was not done u n t i l  the DEAE-cellulose column
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TABLE IV.
P u r i f i c a t i o n  o f  C a lf  Thymus R ib o n u c le o t id e  R eductase
P u r i f i c a t i o n  S tep  Volume U n i ts  T o ta l  [ P r o te i n ]  S p e c i f i c  S te p - f o l d  P e rce n t
(ml) ml A c t i v i t y  (mg/ml) A c t i v i t y  P u r i f i c a t i o n  Y ie ld
__________________________________________________________________ ( u n i t s ) _______________ (u n i ts /m g )______________ ( s te p w is e )
1. Ilomogenate o f  1 .5  kg 
t i s s u e
2700 0 .036 97.2 19.2 0.0019 1 .0 100
2. S u p e rn a ta n t  from 
s t re p to m y c in  
p r e c i p i t a t i o n
3480 0.014 487.2 14.3 0.0094 4 .9 501
3. Resuspended, d ia ly z e d  
ammonium s u l f a t e  
p r e c i p i t a t e
590 0 .092 54.28 10.6 0.0086 0.91 11
4. D EAE-cellulose (column I )  























D 12.5 0 .7 6 9 .5 6 .59 0.11 12.79
5. dATP-Sepharo8e 1.15 38 .0 43 .7 6.68 5.7 17.81 58
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fr a c t io n s  were c o l l e c t e d . Only those preparations with enzyme a c t iv ­
i t y  y ie ld s  as described above were used in subsequent p u r if ic a t io n  
s te p s .
Omission of the hydroxylapatite  column procedure and rep lacing
« «
the g e l  chromatography d e s a lt in g  s tep  (Engstrom e t  a l . ,  1979) with  
d ia ly s i s  s im p lif ie d  the p u r if ic a t io n  scheme and allowed for the d ir e c t  
a p p lica tion  o f s e le c te d  DEAE-cellulose column pools onto the dATP- 
sepharose a f f i n i t y  column. A pplication o f  50-75 u n its  o f  r ibonucleo­
t id e  reductase from the DEAE-cellulose column step  to the a f f i n i t y  
column g en era lly  y ie ld s  4-7 mg o f  protein  with a s p e c i f i c  a c t i v i t y  o f  
approximately 6  units/m g, corresponding to a p u r if ic a t io n  o f 15-20 for  
t h is  step  and an o v e r a l l  fo ld  p u r if ic a t io n  o f  approximately 3 0 0 0 .
Highly p u r if ied  c a l f  thymus r ib on u cleo tid e  reductase preparations  
contain a major protein  band, M^  ^ 84 ,000 , and minor protein  band, M ^ 
58,000, corresponding to the M1 and M2 subunits r e s p e c t iv e ly ,  in 
SDS-polyacrylamide g e l  e le c tr o p h o r e s is  (Figure 12). This f in d in g  i s  
c o n s is te n t  with the p rev iou sly  reported occurrence o f  small n o n -s to i-
c e
chiometric q u a n t i t ie s  o f  the M2 subunit in the in ta c t  enzyme (Engstrom 
e t  a l ,  1979). In a d d it io n ,  other minor contaminants are a lso  observed 
in the lower molecular weight region o f  the g e l .  Sample lane 4 in  
Figure 12 was purposefu lly  overloaded to  demonstrate the protein  M1/M2 
n o n -s t o ic h io m e t r y  o f  th e  c a l f  thymus r i b o n u c l e o t i d e  r e d u c ta s e  
preparation. A densitom etric  scan o f  the g e l  (Figure 13) in d ic a te s  
that the protein M1/M2 r a t io  i s  approximately 7/1 for an enzyme 
preparation with a s p e c i f i c  a c t iv i t y  of 5 .8  units/m g.
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Figure 12. SDS-polyacrylamide ge l e le c tr o p h o r e s is  o f  c a l f  thymus 
r ib o n u c leo tid e  reductase . Standards (1 and 5) are, from 
top: phosphorylase b (M^  = 9 4 ,0 0 0 ) ,  bovine serum albumin
( 6 7 . 0 0 0 ) ,  ovalbum in ( 4 3 ,0 0 0 ) ,  c a r b o n ic  anhydrase
( 3 0 . 0 0 0 ) ,  soybean tryp sin  in h ib ito r  ( 2 0 , 1 0 0 ) ,  and a - l a c -  
talbumin (1 4 ,4 0 0 ) .  R ibonucleotide reductase ( s p e c i f i c  
a c t i v i t y  = 5 .8  U/mg); 5, 12 .5 , and 25 ug in lan es  2, 3, 
and 4 , r e s p e c t iv e ly .
-89
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Figure 13. Densitom etric scan o f  r ib on u c leo tid e  reductase on an 









Separation o f  the Complementary Subunits
The f in a l  p u r if ic a t io n  s tep  achieves the separation o f  the M1 and 
M2 subunits o f the r ib on u cleo tid e  reductase . Chromatography o f  the  
enzyme on a DEAE-cellulose column in the presence of 4 mM ATP and 4mM 
Mg++ r e s u lt s  in the d is s o c ia t io n  o f  the two complementary subunits  
(Plumer, 1980). Their separation  i s  a r e s u lt  o f  binding o f  a l l o s t e r i c  
e f f e c t o r ,  ATP, to  the M1 subunit so that a higher concentration  o f  KC1 
(0 .25  M) i s  required for the M1 subunit e lu t io n  than that needed in  
the absence o f  ATP or than that needed for protein  M2 e lu t io n  (0 .1  M 
KC1). A rep resen ta t iv e  e lu t io n  p r o f i l e  for a DEAE-cellulose column 
used in t h is  step  i s  shown in Figure 14. Eluant absorbance was 
monitored at 295 nm. D etection  o f  protein  e lu t io n  by monitoring the 
absorbance at 280 nm i s  prevented by the presence o f  4 mM ATP in  the  
column b u ffer .
The p u r if ic a t io n  o f  the M1 and M2 subunits o f  c a l f  thymus r ib o ­
nu cleo tid e  reductase are summarized in Table V. Protein  M1 and M2
a c t iv i t y  were determined by assay in the presence o f  an excess  o f  the 
complementary subunit. Protein  M1 a c t iv i t y  was determined in the 
presence o f  p a r t ia l ly  p u r if ied  M2 prepared according to  Plumer (1980).  
Protein M2 a c t iv i t y  was determined by assay in the presence o f  h igh ly  
p u rif ied  M1 subunit, obtained as described above. The s p e c i f i c  
a c t iv i t y  o f  protein  M1 d i f f e r s  from preparation to preparation. This 
v a r ia t io n  may be r e la te d ,  in part, to  in h ib it io n  o f  r ib o n u c leo tid e  
reductase M1 by excess protein M2, when the complementary subunits are 
re-mixed for assay (Thelander e t  _al. ,  1980). However, the weight o f  
protein M1 recovered i s  always considerably larger than that o f  pro-
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Figure 14. E lu t io n  p r o f i l e  o f  th e  complementary s u b u n it s  o f  
r ib o n u c leo tid e  reductase from DEAE-cellulose (column I I )  
in the presence o f  4 mM ATP and 4 mM Mg +^. Conditions  





















P u r i f i c a t i o n  o f  Ml and M2 S u b u n i ts  o f  R ib o n u c le o t id e  R eductase  from C alf  Thymus
S p e c i f i c  P ercen t
P u r i f i c a t i o n  s t e p  Volume A c t i v i t y  (U n i t s )*  [P ro te in ]  A c t i v i t y  Y ield
(ml) I n t a c t  Ml M2 (mg/ml) (u n i t s /m g )  ( s te p w is e )
I n t a c t  r i b o n u c l e o t id e  r e d u c ta s e
DEAE-cellulose column 
(4 inM in  ATP and Mg^+)
1.22 59 .5 0 5 .58 8 .73 -
0.1  M KC1 e l u a t e 0 .7 6 0 4.71 0 .7 5 8 .4 6 9
0 .2 5  M KC1 e l u a t e 0 .9 6 3.14 10.2 4 .02 2.64 22
*M1 and M2 a c t i v i t y  de te rm ined  in  th e  p re se n c e  o f  an e x c es s  o f  th e  complementary s u b u n i t .
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te in  M2. This f in d in g  i s  in agreement with the p rev iou sly  reported  
occurrence o f small n on -s to ich io m etr ic  amounts o f  protein  M2 in in ta c t
t I
enzyme (Engstrom <et _a l. , 1979).
The p u r if ied  M1 and M2 subunit preparations contain  s in g le  pro­
t e in s  when analyzed by SDS-polyacrylamide g e l  e le c tr o p h o r e s is  (Figure  
15). The polypeptide molecular weight (M )^ o f  M1, obtained from an 
SDS-polyacrylamide g e l  run according to the method o f  Weber and 
Osborn (1969) i s  84,000 (Figure 16). A d iscontinuous b u ffer  SDS-gel 
e le c tr o p h o r e s is  system (Laemmlli, 1970) was s e le c te d  for the M2 poly­
peptide molecular weight determination due to i t s  improved reso lv in g  
power and lack o f zone spreading in the molecular weight region o f  
in t e r e s t  (30-65 K). The Mr o f  the M2 polypeptide i s  58,000 (Figure 
17).
Complementary Subunit P hysica l Composition 
Amino Acid A nalysis
The amino acid composition data for the M1 and M2 subunits  o f  
c a l f  thymus r ib o n u c leo tid e  reductase i s  given in Table VI. Examina­
t io n  o f the r a t io  o f  hydrophilic  and hydrophobic amino a c id s ,  (Ratio^
= Lys + Arg + His + Asx + Glx /  l i e  + Tyr + Phe + Leu + Val + Met) 
(Barrantes, 1975), r e v e a ls  R^  values o f  1.086 and 1.300 for  the M1 and 
M2 subunits , r e s p e c t iv e ly .  These R^  values are within  the range o f  
those values observed for numerous other so lu b le ,  or peripheral but 
not in te g r a l  membrane p rote ins  (Barrantes, 1975). A d ir e c t  comparison 
o f  the c a l f  thymus and E^. c o l i  r ib on u cleotid e  reductase complementary 
subunit amino acid composition can be seen in Table VII. The data 
in d ic a te s  com positional homology between p rote ins  M1 and B1 (R  ^ =
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Figure 15. SDS-polyacrylamide g e l  e le c tro p h o res is  o f  the comple­
mentary subunits o f  c a l f  thymus r ib on u cleo tid e  reductase:  
Standards as in Figure 12 (1 and 6 ) .  Subunits: M1 (2 and 
3) 10 u g / la n e ,  s p e c i f i c  a c t iv i t y :  3 .83 U/mg; M2 (4 and 5) 
5 u g / la n e ,  s p e c i f i c  a c t i v i t y :  4.32 U/mg.
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Figure 16. C alibration  curve for SDS-polyacrylamide ge l e le c t r o ­
phoresis  in 1 0 % acrylamide g e ls  run according to  the  
method o f  Weber and Osborn (1969).  Protein standards  
include: 1 . phosphorylase b, 2 . bovine serum albumin, 3 . 
o va lb u m in , 4 . c a r b o n ic  a n h y d ra se ,  and 5 ,  t r y p s in  
in h ib ito r  and 6 . c i-lactalbum in. The R^ . o f  protein  M1 i s  
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Figure 17. C alibration  curve for the 11-14% exponential gradient  
SDS-polyacrylamide g e l .  Protein standards are as in  
Figure 16. The Rf  o f  p rote in  M2 i s  in d icated  by the  
arrow.
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The Amino Acid Composition o f P u r if ied  Calf Thymus R ibonucleotide
Reductase Subunits Ml and M2
Amino Acid Residue Residues/Mole Monomer 






Aspartic acid 80.8 81 55.0 55
Threonine* 43.7 44 23.9 24
Serine* 4 4 . 6 45 33.9 34
Glutamic acid 81.4 81 54.5 55
P ro lin e 30.2 30 27.9 28
Glycine 43.9 44 57.0 57
Alanine 49 .9 50 32.7 33
H a lf-cy s t in e+ 12.4 1 2 6.9 7
Valine 40.3 40 30.5 31
Methionine 18.7 19 6 . 0 6
Iso leu c in e^
Leucine
47 .5 48 25.0 25
74.0 74 41 .9 42
Tyrosine 35 .0 35 14.7 15
Phenylalanine 26 .0 26 23.0 23
H is t id in e 15.8 16 16.0 16
Lysine 53.1 53 31.1 31
Trytophan^ 7.2 7 4 .0 4
Arginine 31.2 31 26.8 27
‘ Extrapolated to zero time to correct  for  l o s s e s  during h y d r o ly s is .  
■•■Determined a f te r  ox id ation  w ith  performic ac id .
AExtrapolated to  i n f i n i t e  h y d ro ly s is  time.
^Determined a f te r  h y d ro ly s is  u sin g  4 N m ethanesulfonic ac id  con ta in ­
ing 0 . 2 % 3 ( 2 -am in oeth y l) in d o le .
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TABLE V II.
A Comparison of the Amino Acid Composition Data fo r  R ibonucleotide  
Reductase Subunits from Calf Thymus (M Type) and JE. c o l i  (B Type)
Amino Acid Residue R es id u es/100 Residues
Regulatory Subunits C ata ly tic Subunits
* *
Ml B1 M2 B2
A spartic acid 1 1 . 0 1 1 . 2 1 0 . 8 10.7
Threonine 5 .9 4 .8 4 .7 5.1
Serine 6 . 1 6 . 1 6 . 6 6 . 0
Glutamic acid 1 1 . 1 10.7 10.7 14.3
P ro lin e 4 .1 4 .4 5.5 3 .9
Glycine 6 . 0 6.4 1 1 . 2 4.7
Alanine 6 . 8 8.3 6.4 7.3
H a lf -c y s t in e 1.7 1.5 1.4 1.4
Valine 5 .5 5 .2 6 . 0 6 . 8
Methionine 2 .5 1.9 1 . 2 2 . 1
I so le u c in e 6.5 6.5 4 .9 6 . 8
Leucine 1 0 . 1 9.9 8 . 2 9.8
Tyrosine 4 .8 5.2 2 .9 3.7
Phenylalanine 3 .5 3 .7 4 .5 4.3
H ist id in e 2 . 1 2.5 3.1 2 . 1
Lysine 7.2 5 .6 6 . 1 4 .3
Tryptophan 1 . 0 0.7 0 . 8 1.7
Arginine 4 .2 5.2 5.2 4 .9
Subunit molecular
weight 84,000 160,000 58,000 78,00(
(dimer) (dimei
(from Thelander, 1973)
1 .0 9 1 ) ,  but not M2 and B2 (R  ^ = 1 .0 7 6 ) .  The co r r e la t io n  c o e f f i c i e n t s  
for the comparison o f  the c a l f  thymus v s .  j£. c o l i  regu la tory  and 
c a t a ly t i c  subunits are 0 .972 and 0 .801 , r e s p e c t iv e ly .  Graphical 
representation  o f  the com positional comparison for each subunit type  
from c a l f  thymus and E_. c o l i  r ib on u c leo tid e  reductase are presented in 
Figures 18 and 19 (Cantor and Schimmel, 1980). A q u a n tita t iv e  
e v a lu a t io n  o f  th e  d eg ree  o f  c o m p o s i t io n a l  homology betw een the  
regulatory  and c a t a ly t i c  subunits from the mammalian and b a c te r ia l  
sources was made according to the method o f  Marchalonis and Weltman 
(1971). The r e s u l t s  o f  t h i s  c a lc u la t io n  and a d e f in i t io n  o f  the 
method o f  comparison, S A Q, are given in Table VIII. Comparison o f  
the M1 and B1 subunit types y ie ld s  an SA Q value o f 8 .9 .  This value  
s a t i s f i e s  the c r i t e r i a  for a ’’strong" t e s t  o f  s im i la r i ty  which 
i n d i c a t e s  th a t  th e  two r e g u la t o r y  su b u n it  ty p e s  are r e la t e d  
(Cornish-Bowden, 1981). The analogous r e s u l t  for a comparison o f  the 
c a t a ly t i c  subunit types ( S  A Q = 72 .7) s a t i s f i e s  n e ith er  the c r i t e r ia  
for a "strong" t e s t  nor that for a "weak" t e s t  o f  s im i la r i t y ,  a l e s s  
r e l ia b le  in d ica tor  o f  protein  r e la te d n e ss .  However, i t  should be 
noted that a s ig n i f i c a n t  d if fe r e n c e  in the polypeptide molecular  
weights o f  p rote ins  M2 (58,000) and B2 (39,000) occurs. A pplication  
o f  mathematical methods for com positional comparison to  p ro te in s  o f  
s ig n i f i c a n t ly  d i f f e r e n t  s iz e  may y ie ld  r e s u lt s  which are su b ject  to 
s ig n i f i c a n t  error and d i f f i c u l t  to  in te r p r e t .
A n a ly t ica l Peptide Mapping
The amino acid composition data for the regulatory  subunits o f  
c a l f  thymus and J£. c o l i  r ib on u cleo tid e  reductase in d ic a te s  th a t s ig ­
n i f ic a n t  com positional,  and presumably s tr u c tu r a l ,  homology e x i s t s
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Figure 18: Comparison o f  the composition data for the regulatory
subunit o f  r ib o n u c leo tid e  reductase from c a l f  thymus (M1) 
and E_. c o l i  (B1, shaded a r e a s ) .  The mole fr a c t io n  o f  














Figure 19. Comparison o f  the composition data for the c a t a ly t i c  
subunit o f  r ib o n u c leo tid e  reductase from c a l f  thymus (M2) 
and JE. c o l i  (B2, shaded a r e a s ) .  Data i s  presented as in 
Figure 18.



































TABLE V III .
An Estimate o f R ibonucleotide Reductase Subunit R elatedness
'ft
SAQ (Calf Thymus compared to JE. c o l i )
Ml M2
B1 8 .9 40.2
B2 26.4 72.7
k
Comparative method used i s  based on amino ac id  composition:
SA« *  5 <x i , j  -
i , k  -  id e n t i f y  the p a r t ic u la r  p ro te in s  being compared
X. -  content of amino acid  type j expressed as re s id u es /1 0 0  
 ^ r e s id u es
k
Marchalonis, J . J . ,  and Weltman, J.K. (1971)
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between the two p o lyp ep tid es .  To further in v e s t ig a te  t h i s  p o s s i b i l ­
i t y ,  comparative peptide mapping o f  c a l f  thymus protein  M1 and ,E. c o l i  
protein  B1 was performed. Highly p u r if ied  samples o f  each regu latory  
subunit were p a r t ia l ly  d ig ested  with Staphyloccus aureus (V8 ) protease  
in the presence o f SDS according to Cleveland jst _al_. (1977).  The 
re su lta n t  peptide map o f  each protein  i s  shown in Figure 20. In 
con trast  to the suggestion  from the amino acid composition data that  
the M1 and B1 p o ly p e p t id e s  m ight be s t r u c t u r a l l y  s i m i l a r ,  th e  
co m p arative  p e p t id e  maps r e v e a l s  th e  e x i s t e n c e  o f  p r o t e o l y t i c  
d e g r a d a t io n  p ro d u cts  unique to  both s u b u n i t s .  Thus d i s t i n c t  
d if fe r e n c e s  in the primary s tru ctu re  o f  each prote in  are in d ic a te d .  
This information suggests  th a t ,  although p roteins  M1 and B1 have 
s im ila r  fu n c tio n s ,  s i z e ,  and com position, the regu latory  subunits are 
s tr u c tu r a l ly  d i s s im i la r .
M2 Subunit Iron Content Determination
The requirement o f  prote in  M2-associated non-heme iron (Plumer, 
1 9 8 0 ) for c a l f  thymus r ib on u cleo tid e  reductase a c t i v i t y  has been 
reported (Engstrom _et a l . ,  1979; Thelander and Reichard, 1979).
D irect  a n a ly s is  o f  the iron content o f  protein  M2 i s  p o ss ib le  with the 
homogenous p r o t e in  M2 p r e p a r a t io n .  The r e s u l t s  o f  th e  atom ic  
absorption spectroscop ic  determination o f  protein  M 2-associated iron  
are presented in Table IX. The r e s u lt s  in d ic a te  that protein  M2 
contains approximately 3 g-atoms Fe/mole protein  M2 (monomer). This 
i s  in con trast  to the reported 1 g-atom Fe/mole protein  B2 (monomer) 
in the E. c o l i  r ib on u cleo tid e  reductase (Brown e t  a l . ,  1969a).
The function  o f  the observed protein  M 2-associated iron i s  not
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Figure 20. Comparative peptide map o f  c a l f  thymus M1 and EL c o l i  B1 
subunit typ es .  Lane 1, c a l f  thymus M1; 4, EL c o l i  B1; 2 
and 3, M1 and B1, r e s p e c t iv e ly ,  treated  with S. aureus V8  
protease as described under M ateria ls  and Methods. The 
arrows in d ic a te  the migration d is ta n ces  o f  molecular  
weight standards: from top , phosphorylase b (M = 94,000)  
b o v in e  serum albumin ( 6 7 , 0 0 0 ) ,  ovalbumin ( 4 3 , 0 0 0 ) ,  
carbonic anhydrase ( 3 0 , 0 0 0 ) ,  soybean trypsin  in h ib ito r  




R ibonucleotide Reductase M2 Subunit Iron Content A nalysis
 ^ bSample S p e c i f ic  a c t i v i t y  g-Atoms Fe/mole M2
units/m g Buffer System
1 11.05 2 .5  2 .9
2 4 .97  2 .9  3 .0
Sample treatment: p u r if ie d  M2 samples in  0.1  M KC1, 0 .1  mM DTE,
50 mM Tris-C l pH 7 .6  (b u ffer  A) were evaluated as prepared, and 
a lso  buffer  exchanged in to  Chelex-100 trea ted  0 .1  M KC1, 0 .1  mM DTE, 
50 mM HEPES pH 7 .6  (b u ffer  B ) .
Protein  determ inations: a -  Bradford, b -  amino acid  a n a ly s is .
*
Assayed in  the presence o f an excess  o f  complementary subunit
116
c le a r ly  understood. R ibonucleotide reductase preparations have been 
reported to be stim ulated  by the addition  o f  exogenous iron (Hopper, 
1972, 1978; Moore, 1977). Iron i s  r o u t in e ly  added, as FeCl^, to  our 
assay m ixtures. However, t i t r a t i o n  o f  constant amounts o f  h igh ly  
p u rified  c a l f  thymus r ib o n u c leo tid e  reductase with iron as FeCl^ or as 
an F e (I I)a sco rb a te  complex r e s u l t s  in a c t iv a t io n  o f  the enzyme. The 
a c t iv a t io n  p r o f i l e  i s  shown in Figure 21. Both FeCl^ and F e ( I I ) -  
ascorbate a c t iv a te  r ib on u c leo tid e  reductase to  the same degree. The 
magnitude o f  change i s  t y p ic a l ly  an approximate 2 - f o ld  in crease  in  
enzyme a c t i v i t y  in the presence o f  excess  metal co fa c to r .  Thus, the 
r o le  o f protein  M 2-associated iron and i t s  in te r a c t io n ,  i f  any, with 
exogenous iron remains to be c l a r i f i e d .
R ibonucleotide Reductase Complementary Subunit S o lu tio n  Hydrodynamics 
Sedimentation V e lo c ity  S tud ies
The sedim entation behavior o f  h ig h ly  p u r if ied  c a l f  thymus r ib o ­
n u cleotid e  reductase was evaluated using the a n a ly t ic a l  u l t r a c e n tr i ­
fuge. The enzyme sediments as a s in g le  s l i g h t l y  assym etric  peak o f  
6 .2  s (Figure 2 2 ) .  Addition o f  dATP and Mg(CH^ COO )2 * at f in a l  con­
cen tra tio n s  o f  50 uM and 10 mM r e s p e c t iv e ly ,  to  the enzyme induces a 
change in the sedim entation p r o f i l e .  In the presence o f  a l l o s t e r i c  
e f f e c t o r ,  a major (1 7 .0  s )  and a minor S ch lieren  peak (6 .4  s )  are 
observed (Figure 2 3 ) .  Calf thymus r ib o n u c leo tid e  reductase , prepared 
as p rev iou sly  d escr ib ed , i s  la r g e ly  comprised (80-90%) o f  M1 subunit .
In the absence o f n u cleosid e  triphosphate e f f e c t o r s ,  protein  M1 
behaves as a monomer with a sedim entation c o e f f i c i e n t  o f  5 .6 - 5 .7  s 
(Plumer, 1980; Thelander et_ a l . ,  1980). The r e s u l t s  (Figure 22) 
in d ica te  that in ta c t  enzyme, in  the absence o f  a l l o s t e r i c  e f f e c t o r s ,
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Figure 21. A ctivation  o f  c a l f  thymus r ib o n u c leo tid e  reductase by 
iron: t r ia n g le s ,  F e (II)a sco rb a te ;  c i r c l e ,  FeCl^ (60 uM); 
square, 3 .0  mM Na ascorbate c o n tr o l .  Molar r a t io  o f  
ascorbate to  Fe in F e (I I )  complex i s  20:1 (Atkin e t  a l . ,  
1973).
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Figure 22. D eterm in a t io n  o f  th e  s e d im e n ta t io n  c o e f f i c i e n t  o 
n on -d issoc ia ted  c a l f  thymus r ib on u cleo tid e  reductase  
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Figure 23. Determination o f the sedim entation c o e f f i c i e n t  o f  c a l f
thymus r ib o n u c leo tid e  reductase in the presence o f  50 uM
dATP. Enzyme sample: s p e c i f i c  a c t i v i t y  -  2 .1  U/mg, 7 .8
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moves in sedim entation as though a rapid mobile equilibrium  e x i s t s  
between p rote ins  M1 and M1 M2  s in c e  the S£q w i s  s h if te d  upward to  6 . 2  
s (from 5 .7  s for M1). The presence o f  dATP (47 uM) i s  reported to  
induce p r o te in  M1 te tra m er  ( 1 5 .2  s )  form a tio n  as ob served  in 
a n a ly t ic a l  g ly c e r o l  gradient ce n tr ifu g a t io n  (Thelander e t  aL. ,  1980). 
Sim ilar r e s u l t s  have a lso  been obtained using r ib on u cleo tid e  reductase  
from Ehrlich tumor c e l l s  (K lippenste in  and Cory, 1978). In a d d it io n ,
Mg^ + has no e f f e c t  upon protein  M1 sedim entation behavior (Thelander
e t  a l . , 1980). The formation o f  a 17 s s p e c ie s  (Figure 23) in the  
presence o f  dATP i s  most l i k e l y  the r e s u lt  o f  protein  M1 tetramer
formation. The t r a i l i n g  6 .3  s peak a lso  observed under th ese  
cond itions i s  c o n s is te n t  with an M1 M2  protein  complex in equilibrium  
with protein  M1 tetram er.
A n a ly t ica l  Liquid Gel Chromatography
F u rth er  e v id e n c e  fo r  c a l f  thymus r i b o n u c l e o t i d e  r e d u c ta s e  
complementary subunit homogeneity was sought by examining the e lu t io n  
p r o f i l e s  o f  h igh ly  p u r if ied  p ro te in s  M1 and M2 in  a n a ly t ic a l  high
performance l iq u id  g e l  chromatography (Figure 2 4 ) .  Both M1 and M2 
p rote ins  ran as symmetrical peaks with K^'s o f  0 .43 and 0 .2 8 ,  
r e s p e c t iv e ly ,  corresponding to S to k e 's  r a d ii  of 37 A and 53 A, 
r e s p e c t iv e ly  (Figure 2 5 ) .  A molecular weight p lo t  (Figure 24) y ie ld s  
M^  = 70,000 for protein  M1 and 185,000 for protein  M2. A small peak 
with a S to k e 's  radius o f  54 .5  A was a lso  observed in the prote in  M1 
chromatogram and i s  a t t r i b u t e d  to  p r o te in  M1 d im er , s in c e  
SD S -p o ly a cry la m id e  g e l  e l e c t r o p h o r e s i s  in d ic a t e d  th e  p r o t e in  M1 
preparation to be homogenous. Thus, the M1 subunit i s  predominantly 
monomeric under e x p e r im e n ta l  c o n d i t io n  w h i le  th e  M2 s u b u n it  i s
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Figure 24. High performance l iq u id  gel chromatography o f  n a t iv e  M1 
and M2 sub u n its .  A) Standard curve o f  f e r r i t i n  (1 ) ,  
Y-globulin  ( 2 ) ,  a ld o la se  ( 3 ) f hexokinase ( 4 ) ,  ovalbumin 
(5 ) ,  and soybean trypsin  in h ib ito r  (6 ) .  B) M2 subunit  
( s p e c i f i c  a c t i v i t y :  7 .85 U/mg). C) M1 subunit ( s p e c i f i c  
a c t iv i t y :  3 .83  U/mg).
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Figure 25. Determination o f  the Stoke*s r a d i i  o f  the complementary 
s u b u n it s  o f  c a l f  thymus r ib o n u c l e o t i d e  r e d u c t a s e .  
Standard curve o f  f e r r i t i n  ( 1 ) ,  Y -g lobulin  ( 2 ) ,  c a ta la se  
(3 0 ) ,  a ld o la se  (4 ) ,  ovalbumin (5 ) ,  and soybean tryp sin  
in h ib ito r  ( 6 ) .  D is tr ib u t io n  c o e f f i c i e n t s  in d ica ted  by 
arrows: A) M1 dimer, B) M2, C) Ml.
Stokes radius (rs ) A





o lig o m er ic .  Both the M1 and M2 p rote in  e lu t io n  p r o f i l e s  contained a 
minor component e lu t in g  in  the void volume (M > 500,000) which are 
probably aggregates formed during sample freez in g  and thawing.
Oligomeric S tructure Determination  
R ibonucleotide Reductase C a ta ly t ic  Subunit
Native M2 subunit behaves as a 185,000 molecular .weight sp e c ie s  
during high performance l iq u id  g e l  chromatography. Chemical c r o s s -  
l in k in g  o f  the c a t a ly t i c  subunit with dimethyl suberimidate was 
performed to determine whether t h i s  observation  was a t tr ib u ta b le  to  a 
tr im eric  quaternary s tr u c tu r e ,  an equilibrium  between o ligom eric  
forms, or to a non-compact shape. The r e s u l t s  o f  t h i s  determ ination ,  
performed according to  the procedure described by H i l l e l  and Wu (1977) 
are presented in Figure 26. During the time course o f  chemical ■ 
c r o s s - l in k in g ,  the progressive  occurrence o f  dimeric and tetram eric  
oligomers o f  M2 i s  observed in the SDS-polyacrylamide g e l .  At a 
c r o s s - l in k in g  reaction  time o f 60 minutes ( lan e  5 ) ,  the predominant 
protein  M2 oligom eric forms present are dimer and tetram er. S im ilar  
r e s u lt s  are a lso  obtained at 240 minutes o f  sample reaction  time. In 
a l l  c a se s ,  no s ig n i f i c a n t  amount o f  trimer was observed. R esu lts  from 
the previous se c t io n  in d ic a te  th a t native  M2 protein  e x i s t s  as a 
tr im eric  o ligom eric s p e c ie s ,  on the b a s is  o f  molecular s i z e .  This 
r e s u lt  can be now accounted for i f  taken together with the r e s u l t s  of  
the chemical c r o s s - l in k in g  experiment. The tr im eric  behavior o f  
native  M2 protein  during g e l  chromatography and the occurrence o f  
dimeric and tetram eric but not tr im eric  M2 p rote in  s p e c ie s  during 
c r o s s - l in k in g  o f  n a tive  c a t a ly t i c  subunit s tro n g ly  argue that i so la te d  
protein  M2 e x i s t s  in a dimer-tetramer equilibrium .
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Figure 26. SDS-polyacrylamide g e l  e le c tr o p h o r e s is  o f  c a l f  thymus 
r ib o n u c leo tid e  reductase c a t a ly t i c  subunit cr o ss - l in k e d  
with dimethyl suberim idate. Lanes 1 and 7 , c r o ss - l in k e d  
BSA standard. Lane 2, M2 co n tro l,  15 ug ( s p e c i f i c  ac­
t i v i t y :  3 .99 U/mg). Lanes 3 -6 , M2 cro ss - l in k ed  with 
d im eth y l  su b e r im id a te  fo r  th e  in d ic a t e d  t im e ( in  
m inutes).  Lanes 3 and 4, 15 ug. Lanes 5 and 6 , 30 ug.

131
S pectroscop ic  A nalysis
U l t r a v io le t - V is ib le  Spectroscopy
The c a t a l y t i c  s u b u n it  o f  IS. c o l i  r ib o n u c l e o t i d e  r e d u c ta s e  
e x h ib its  a d i s t in c t  U V -v isib le  absorption spectrum, with sp e c tr a l  
components contributed by both the iron center and the ty ro sy l  f r e e -  
rad ica l (Petersson e t  a l . ,  1980). To determine whether the c a l f  
thymus r ib on u cleo tid e  reductase had any sp e c tr a l  p rop ert ies  in common 
with the b a c te r ia l  enzyme, the U V -v isib le  absorption spectra  o f  the M1 
and M2 subunits were examined.
The M2 s u b u n it  has a c h a r a c t e r i s t i c  U V - v is ib le  a b so r p t io n  
spectrum (Figure 27) which includes  an in ten se  absorption maximum at 
404 nm with a molar e x t in c t io n  c o e f f i c i e n t  o f  15,000 1/M cm. The M1 
subunit does not p ossess  t h i s  fea tu re  but i t  i s  seen in the in ta c t  
enzyme (Figure 3 0 ) .  The B2 spectrum conta ins  a sharp peak at 410 nm, 
attr ib u ted  to the ty r o sy l  f r e e -r a d ic a l  (Petersson e t  a l . ,  1980). This 
feature i s  not ev ident in  the protein  M2 spectrum but i t  w ell  could be 
hidden under the broad 404 nm t r a n s i t i o n .  A ls o ,  a d d i t io n  o f
hydroxyurea (20 mM f in a l  concentration) to  the protein  M2 sample was
without e f f e c t ,  in con trast  to  the s ig n i f i c a n t  s p e c tr a l  changes which
occur in .E. c o l i  protein  B2, due to  quenching o f  the free  ra d ica l
(Atkin e t  a l . ,  1973). An absorption peak at 370 nm i s  seen in the B2 
subunit but with a lower e x t in c t io n  c o e f f i c i e n t  than M2. The M2 and 
B2 subunits each absorb at 325 nm but the e x t in c t io n  c o e f f i c i e n t s  at  
th i s  wavelength d i f f e r  considerably  as w ell ( i t  should be noted that  
molar e x t in c t io n  c o e f f i c i e n t s  are based upon a 78,000 molecular weight 
dimer o f  protein  B2 w hile  those for c a l f  thymus protein  M2 are based
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Figure 27. Absorption spectra  o f  the subunits o f  r ib o n u c leo t id e
reductase: Subunit M2 (------- ) ,  s p e c i f i c  a c t iv i t y :  7 .85
U/mg; subunit M1 (-------- ) ,  s p e c i f i c  a c t iv i t y :  4 .72 U/mg;
c° l i  r ib o n u c leo t id e  reductase subunit B2 ( ” • “) ,  from 
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on a 58,000 molecular weight monomer).
The v i s i b l e  chromophore a s s o c i a t e d  w ith  th e  M2 p o ly p e p t id e  
e x h i b i t s  a spectrum  which i s  a n a lo g o u s  to  th a t  fo r  the  
p-nitrophenoxylate anion ^ 3 9 3  = 18,300 1/M cm; Kezdy and Bender,
1962). P-nitrophenol i s  u t i l i z e d  as a precursor to  the chemical 
spacer arm l in k in g  cyanogen brom ide-activated sepharose and dATP in  
dATP-sepharose (Ward, 1980). Although excess  p-n itrophenol i s  removed 
from the reaction  mixture prior to  ligand coupling to  the in so lu b le  
support matrix (Ward, 1980), the p o s s i b i l i t y  e x is te d  that i f  res id u a l  
p-nitrophenol were a sso c ia ted  with the a f f i n i t y  r e s in ,  the compound 
m ight s p e c i f i c a l l y  i n t e r a c t  w ith  p r o t e in  M2. The r e s u l t i n g  
p-nitrophenol-M2 protein  complex might then g ive  r i s e  to  the observed 
protein  M2 v i s i b l e  absorption spectrum under experimental co n d it io n s .  
To t e s t  t h is  h yp oth es is ,  the e f f e c t s  o f  pH and a chaotropic s a l t  upon 
th e  U V - v is ib le  s p e c t r a l  f e a t u r e s  o f  p r o t e in  M2 and th e  
p-nitrophenoxylate anion were evaluated .
T itra t io n  o f the p -n itrophenoxylate  anion (pK = 7 .0 4 ;  Kezdy and3
Bender, 1962) s h i f t s  the absorbance maximum from 398 nm to  317 nm. In 
a d d it io n ,  the e x t in c t io n  c o e f f i c i e n t  o f  product p -nitrophenol ^ 3 1 7  = 
9630 1/M cm, Kezdy and Bender, 1962) i s  lower than th at  o f  the corres­
ponding anion. This e f f e c t ,  shown in Figure 28, i s  r e a d i ly  observed 
when the so lv en t  pH i s  lowered from 7.6 to  6 .0 .  However, t h i s  pH 
change has no s ig n i f i c a n t  e f f e c t  upon the M 2-visib le  chromophore 
(Figure 28 ) .  Conversely, the presence o f 6  M guanidinium hydrochlor­
ide causes a s ig n i f i c a n t  reduction in the in te n s i ty  o f  the 404 nm
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Figure 28. The e f f e c t  o f  pH upon the v i s i b l e  absorption spectra  o f  
r ib on u c leo tid e  reductase M2 subunit and p-nitrophen-
oxy la te  anion: M2 (---------) s p e c i f i c  a c t i v i t y  -  8 .46 U/mg;
p-n itrophenoxylate  anion ( ) .  A) pH 7 .6 ;  so lv en t:
0.1 M KC1, 50 mM Tris-HCl, 0.1 mM DTE. B) pH 6 .0;
so lven t:  25 mM KC1, 25 uM DTE, 12.5 mM T r is ,  0 .45  M
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absorption peak a sso c ia ted  with the M2 polypeptide (Figure 2 9 ) ,  a l ­
though i t  does not e n t ir e ly  disappear even under th ese  co n d it io n s .  
The absorption peak o f  p-n itrophenoxylate  i s  s h if te d  from 398 nm to  
404.5 nm when the so lv en t  contains 6  M guanidinium hydrochloride but 
the absorption in te n s i ty  remains unchanged. Thus, p -n itrophenoxylate  
can be ruled out as a p o ss ib le  contributing  sp e c ie s  to  the absorbance 
o f  the c a t a ly t i c  subunit in the v i s i b l e  reg ion . A lso , the e f f e c t  o f  
guanidinium hydrochloride on the protein M2 chromophore1s absorbance 
e s ta b l i s h e s  that the chromophore i s  dependent upon the n a t iv e  protein  
conformation. The presence o f  EDTA (0 .17  M) or d i t h io n i t e  (2 mM) had 
no e f f e c t  upon the sp e c tr a l  p rop erties  o f  the protein  M 2-associated  
v i s i b l e  chromophore. Thus, the id e n t i ty  o f  the moeity g iv in g  r i s e  to  
the v i s i b l e  chromophore in protein  M2 i s  not yet known. However, the  
dependence o f  the 404 nm chromophore on the n a tive  conformation o f  
protein  M2 tends to ru le  out a s ta b le  organic c o fa c to r .
The v i s i b l e  absorption spectrum o f  the c a t a ly t i c  subunit o f  ji. 
c o l i  r ib on u cleotid e  reductase contains a sharp peak a t  410 nm (Figure  
2 7 ) ,  a ttr ib u ted  to the ty r o sy l  f r e e -r a d ic a l  (Petersson e t  a l . , 1980). 
Since the c a l f  thymus enzyme behaves d i f f e r e n t ly  towards in h ib ito r s  
such as hydroxyurea and 2 '-deoxy- 2 ' -a z id o c y t id in e  diphosphate than 
does the E. c o l i  enzyme, i t  has been suggested that the mammalian 
enzyme may not contain a permanent free  rad ica l (Thelander e t  a l . ,  
1980). Attempts to generate a " ra d ica l-co n ta in in g 11 enzyme sp e c ie s  
d etec ta b le  by v i s i b l e  absorption spectroscopy by the addition  of  
various sub stra tes  were u n su cce ss fu l .  The addition  o f  CDP and/or DTE 
to f in a l  concentrations o f  0.1 mM and 6.0 mM r e s p e c t iv e ly ,  had no
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Figure 29. The e f f e c t  o f  6  M guanidinium hydrochloride upon the 
v i s i b l e  absorption spectra  o f  r ib o n u c leo tid e  reductase M2 
subunit and p -nitrophenoxylate  anion: A) n a t iv e  M2 (188
ug/ml, s p e c i f i c  a c t iv i t y :  8 .46  U/mg)(- ); M2 (188
ug/ml) in 6  M guanidinium hydrochloride (-------- ) .  B) p-
n itrophenoxylate  anion ( — ——); p -n itrophenoxylate  anion
in 6  M guanidinium hydrochloride (  ) .  So lvent:  0 .1  M
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e f f e c t  upon the v i s i b l e  absorption p rop ert ies  o f  n o n -d isso c ia ted  c a l f  
thymus r ib o n u c leo tid e  reductase . However, addition  o f  ATP, a p o s i t iv e  
a l l o s t e r i c  e f f e c t o r ,  alone or in combination with the other sub­
s t r a t e s ,  dram atica lly  in crea ses  the absorbance o f  the in ta c t  enzyme in  
the v i s i b l e  region with a maximal e f f e c t  at 4 mM ATP (Figure 3 0 ) .  
N ev erth e less ,  the r e su lta n t  spectrum i s  s t i l l  un like  that o f  the 
ty r o sy l  ra d ica l conta in ing  E. c o l i  r ib o n u c leo tid e  reductase (Petersson  
e t  a l . , 1980). ATP in t h i s  concentration  range a l t e r s  the protein  M1 
oligom eric  form (Thelander e t  a l . , 1980; K lippenste in  and Cory, 1978) 
and presumably s h i f t s  the equilibrium  toward an a c t iv e  M1M2 protein  
complex. This sp e c tr a l  change may a lso  r e f l e c t  a s tr u c tu r a l  change at  
the chromophore.
Electron  Paramagnetic Resonance Spectroscopy
The c a t a l y t i c  s u b u n it  o f  E. c o l i  r i b o n u c l e o t i d e  r e d u c ta s e  
conta ins  a free  rad ica l a sso c ia ted  with a ty r o sy l  residue (Ehrenberg 
and Reichard, 1972; Sjoberg e t  al^., 1977). A s im ila r  r a d ica l  sp e c ie s  
has re c e n t ly  been observed in a hydroxyurea-resistant mouse f ib r o b la s t  
3T6 c e l l  l i n e ,  which i s  reported to  overproduce the r ib on u c leo tid e  
reductase M2 subunit (Akerblom e t  a l . , 1981; Graslund £ t  a l . , 1982). 
Accordingly, the EPR sp e c tr a l  p rop erties  o f  h igh ly  p u r if ied  non -d is­
so c ia ted  r ib on u cleo tid e  reductase and the enzyme's M2 subunit were 
examined to  determine whether a s im ila r  free  ra d ica l sp e c ie s  could be 
detected  in a c a l f  thymus enzyme preparation.
EPR spectroscopy experiments on both the c a t a ly t i c  subunit and 
the non -d issoc ia ted  r ib on u c leo tid e  reductase from c a l f  thymus fa i le d  
to  reveal a f r e e -r a d ic a l  s ig n a l  analogous to  those reported for the
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Figure 30. The e f f e c t  o f  ATP upon the v i s i b l e  absorption spectrum o f  
n on -d issoc ia ted  r ib on u c leo tid e  reductase. A) M1 subunit.  
B) N on-d issoc iated  r ib on u cleo tid e  reductase , ( s p e c i f i c  
a c t iv i t y :  5 .65  U/mg). C) N on-d issoc iated  r ib on u cleo tid e  
reductase , in presence o f  6.1 mM ATP. In se t :  Absorbance
change at 404 nm as a function  o f  ATP concentration .  








b a c te r ia l  enzyme (Ehrenberg and Reichard, 1972) and the mouse f ib r o ­
b la s t  3T6 c e l l s  (Graslund e t  a l . ,  1982). Furthermore the addition  o f  
ATP, CDP, and DTE to  f in a l  concentrations used in the CDP reductase  
assay, alone and as m ixtures, did not r e s u lt  in the generation  o f  a 
d etec ta b le  rad ica l sp e c ie s  resembling those p rev iou sly  d escr ib ed .  
However, in one experiment a s ig n i f ic a n t  EPR s ig n a l  a t tr ib u ta b le  to  
the M2 subunit was observed. As compared to so lv en t  (Figure 31 a ) ,  a 
preparation o f  M2 subunit d isp layed  what appears to be a doublet EPR 
spectrum centered at g = 2 .038  (Figure 31b) which was approximately 14 
mT in width from trough to trough. This spectrum i s  d i s t i n c t  from 
that reported to occur in r ib on u c leo tid e  reductase from other sources  
(Graslund et; al_., 1982). Further in v e s t ig a t io n  w i l l  be required to  
d eterm ine the c a t a l y t i c  s i g n i f i c a n c e  and th e  so u r c e  o f  t h i s  
t r a n s i t io n .  A lso , an attempt to generate a r ib on u cleo tid e  reductase-  
a ssocia ted  rad ica l sp e c ie s  was made using the method described by 
Graslund e t  a l .  (1982). Addition o f  DTE and FeCl^ ( f i n a l  concen­
tr a t io n s  o f  10 mM and 10 uM, r e sp e c t iv e ly )  to  a so lu t io n  o f  h igh ly
pu rified  n on -d issoc ia ted  c a l f  thymus r ib on u cleotid e  reductase ( 1 0 0  u l ,  
3 .9  mg/ml, s p e c i f i c  a c t iv i t y :  5.82 U/mg) did not r e s u l t  in the
formation o f  a d e tec ta b le  f r e e -r a d ic a l  s ig n a l .
During the course o f the EPR spectroscop ic  experim ents, an in te r ­
action o f  iron with CDP reductase assay mix components, s p e c i f i c a l l y  
ATP and NaF, was found. The EPR spectrum o f  an FeCl^-ATP-NaF mixture
i s  shown in Figure 32a. Mixture o f  a l l  three components r e s u l t s  in
the generation o f a broad s in g le  absorption centered at g = 2 . 5 9  + 
.005. The microwave power saturation  p r o f i le  i s  shown in Figure 33.
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Figure 31. EPR spectra  o f  A) 0 .1  M KC1, 0.1 mM DTE, 50 mM Tris-HCl, 
pH = 7 .6  (4 scan s i g n a l  a v e r a g e ) ;  B) c a l f  thymus
r ib o n u c leo t id e  reductase M2 subunit (100 u l ,  0 .54 mg/ml, 
s p e c i f i c  a c t iv i t y :  4 .32 U/mg, 4 scan s ig n a l  average).
Instrument s e t t i n g s  -  f i e l d  s e t :  330.175 mT, microwave 
frequency: 9 .256 GHz, modulation amplitude: 0.05 mT,
4
r e c e iv e r  gain: 1.6  X 10 , microwave power: 0 .5  mW,
temperature: 77K, scan time: 8  minutes. Arrow in d ic a te s  
p o s it io n  where g = 2 .0028 .
E
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Figure 32. EPR spectra  o f  A) 3 mM FeCl^, 2.46 mM ATP, 6.23 mM NaF 
s o lu t io n .  Instrument s e t t in g s  -  f i e ld  s e t :  338.65 mT, 
microwave frequency: 9.388 GHz, modulation amplitude:
O
0.63 mT, r e c e iv e r  gain: 2 .0  X 10 , microwave power: 0 .5  
mW, temperature: 77 K; B) 0 .57  mM F e (I I )a sc o r b a te ,  1.64mM 
ATP, 1.0 mM Mg(CH3 C00“ ) 2 , 4.15 mM NaF, 3 .0  mM DTE, 0.05  
mM CDP s o lu t io n .  Molar r a t io  o f  ascorbate to  Fe in  
F e (I I )  complex i s  20:1 (Atkin e t  a l . ,  1973). Instrument 
s e t t in g s  -  f i e l d  s e t :  330.0 mT, microwave frequency:
9.496 GHz, modulation amplitude: 0 .5  mT, rece iv er  gain:
Q





Figure 33. Power sa tu ration  p r o f i l e  for FeCl^-ATP-NaF mixture des­















That the curve does not in te r s e c t  the o r ig in  i s  a t tr ib u ted  to a c a l i ­
bration error in the spectrophotometer power s e t t in g  c o n tr o l .  When 
iron i s  added to the other two components as F e(II  )a sco rb a te , a s i g ­
n i f i c a n t ly  d i f f e r e n t  EPR s ig n a l  i s  observed. Figure 32b shows the EPR 
spectrum of an Fe(II)ascorbate-ATP-NaF mixture. This more complex 
spectrum c o n s is t s  o f  sharp t r a n s i t io n  centered a t g = 2 . 0 1 0  + .005 ,  
overly in g  a broader more complex absorbance. In e i th e r  ca se ,  the EPR 
d e tec ta b le  e n t i t y  i s  not b e liev ed  to be a free  ra d ica l sp e c ie s  s in ce  
the s ig n a l  i s  not observed at 25°C.
E ffe c t  o f  the M2 Subunit Upon the A c t iv i ty  o f  R ibonucleotide Reductase
from E. c o l i
Although the regu latory  subunits o f  r ib o n u c leo tid e  reductase from 
c a l f  thymus (M1) and E. c o l i  (B1) have a s im ila r  amino acid composi­
t ion  and polypeptide molecular w eight, sev era l d if fe r e n c e s  in  the  
physica l p rop erties  o f  each are known to occur. These include a 
reported d if fe r e n c e  in  the number o f  e f f e c to r  binding s i t e s  on each 
protein  (Thelander e t  a l . ,  1980; Brown and Reichard, 1969b) and an
e f f e c t  o f  Mg2+ ion upon the sedim entation p rop erties  o f  prote in  B1 but 
not protein M1 (Thelander e t  al^., 1980). A lso , the a c t i v i t y  o f  the
b a c te r ia l  enzyme i s  optimized at a higher Mg2+ ion concentration  (15 
mM; Holmgren e t  a l . , 1965) than the c a l f  thymus enzyme (2 mM; Plumer, 
1980).
Highly p u r if ied  n o n -d isso c ia ted  c a l f  thymus r ib o n u c leo tid e  reduc­
ta se  and M1 subunit are r o u t in e ly  assayed for protein  M1 a c t i v i t y  in 
the presence o f an excess  o f  p a r t ia l l y  p u r if ied  M2 subunit (Plumer, 
1980). However, examination o f  the a c t i v i t y  o f  mixtures o f  c a l f
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thymus r ib on u cleo tid e  reductase protein  M2 and the IS. c o l i  enzyme 
rev ea ls  th a t ,  although the addition  o f  exogenous p a r t ia l ly  p u r if ied  
protein  M2 to  a c a l f  thymus r ib o n u c leo tid e  reductase preparation  
r e s u lt s  in an increase  in a c t i v i t y  (due to  excess  protein  M1 in the  
preparation), the a c t i v i t y  o f  the E. co l i  enzyme i s  in h ib ite d  by the  
presence o f  an excess  o f  prote in  M2. The r e s u l t s  o f  t h i s  experiment 
are presented in Table X. Addition o f  exogenous M2 p rote in  to  a c a l f  
thymus enzyme p r e p a r a t io n  doubled  th e  measured enzyme a c t i v i t y .  
However, at e i th e r  a 2 mM or 10 mM MgCCH^ COO""^  con cen tra tion , the E. 
c o l i  enzyme a c t iv i t y  i s  decreased by approximately 70%. When a 
sm aller amount o f  protein  M2 i s  added to  the IS. c o l i  r ib o n u c leo tid e  
reductase , an increase  in a c t i v i t y  (^30%) i s  observed (Figure 3 4 ) .  As 
the amount o f  protein  M2 added to the IS. c o l i  r ib o n u c leo tid e  reductase  
assay i s  increased , enzyme in h ib it io n  becomes apparent. This e f f e c t  
may be re la ted  to the reported in h ib it io n  o f  r ib o n u c leo t id e  reductase  
by an excess  o f  protein  M2 (Thelander e t  jal. ,  1980). A l te r n a t iv e ly ,  i t  
may r e s u l t  from the p r e se n c e  o f  a n oth er  com ponent, as y e t  




Comparative E ffec t  o f  M2 on the A c t iv i ty  o f R ibonucleotide Reductase
2+from Calf Thymus and E. c o l i ,  a t  two Mg Ion Concentrations
U nits/A ssay X 10^ 
Enzyme Source 2mM lOmM
Calf thymus 
E. c o l i
1.2 (100)
2.4+ (200)
6 . 6 (100)




8 .4+  ( 26)
concentration  o f Mg(CH^ COO- )^  in  assay .
+assayed in  the presence o f M2 (0 .012 u n its )  
prepared according to Plumer (1980).
numbers in  p aren th esis  in d ic a te  a c t i v i t y  as percent o f  o r ig in a l .
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Figure 31* E ffec t  o f  prote in  M2 upon the a c t i v i t y  o f  E_. c o l i  
r ib on u cleo tid e  reductase . M2 a c t iv i t y :  0 .10  U/ml. The 
concentration  o f  MgCCH^ COO in  the assay was 10 mM.f
Units/assay x I02
P







The iron -req u ir in g  r ib o n u c leo tid e  reductases from ji. c o l i  (Brown 
e t  a l . , 1 9 6 7 ) and mammalian sources includ ing rabbit bone marrow
(Hopper, 1972), c a l f  thymus (Thelander e t  j a l . ) ,  1980, Ehrlich  tumor 
c e l l s  (Cory e t  a il . ,  1980), and regenerating rat l i v e r  (Youdale and 
MacManus, 1981) are comprised o f  two n o n - id e n t ic a l  subunits .  The two 
subunits are enzym atica lly  in a c t iv e  alone but y ie ld  a c t iv e  enzyme when 
combined. The p u r if ic a t io n  s tr a te g y  for sev era l  r ib o n u c leo tid e  reduc­
ta se s  has been e ith e r  to sep a ra te ly  purify  the complementary sub u n its ,  
e . g . ,  IS. c o l i  (Brown e t  a l . ,  1969b) or to design a protocol which
minimizes separation  o f  the sub u n its ,  e . g . ,  c a l f  thymus (Engstrom e t  
a l . , 1979). The protein  d es ig n a tio n s  M1 or B1 and M2 or B2 have been 
introduced to d i f f e r e n t ia t e  between the e f f e c to r  binding (regu la tory)  
and non-heme iron conta in ing  ( c a t a ly t i c )  r ib on u cleo tid e  reductase  
subunits , r e s p e c t iv e ly  (Brown e t  ja l . ,  1967; Plumer, 1980; Thelander e t  
a l . ,  1980). The prefix  M or B r e fe r s  to the enzyme source, e . g . ,  mam­
malian or b a c t e r ia l .  This convention , which i s  convenient for com­
parative purposes, has been u t i l i z e d  throughout t h i s  study.
Engstrom ^ t  al .^ (1979) have reported the p u r if ic a t io n  o f  non­
d is so c ia te d  c a l f  thymus r ib o n u c leo tid e  reductase. The enzyme prepar­
ation was characterized  by an apparent non-stoichiom etry o f  the 
c a t a ly t i c  (M2) subunit with resp ect  to the regulatory  (M1) subunit. 
SDS-polyacrylamide g e l  e le c tr o p h o r e s is  ind icated  that protein  M2 was a 
minor component in the preparation. Subsequently, homogeneous protein  
M1 was obtained by separation  o f  the M1 and M2 subunits o f  p a r t ia l l y
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p u rif ied  c a l f  thymus enzyme on a column o f  Blue Sepharose, fo llow ed by 
chromatography o f the M1 preparation on dATP sepharose (Thelander e t  
a l . , 1980). The M2 subunit was not obtained in homogenous form.
Plumer (1980) has described an a lte r n a te  method o f  preparing  
h igh ly  p u rif ied  c a l f  thymus r ib o n u c leo tid e  reductase M1 sub u n it .  This 
procedure i s  unique in th a t i t  ach ieves the chromatographic separation  
o f  the complementary subunits o f  a crude enzyme preparation on a 
DEAE-cellulose column in the presence o f ATP and Mg +^ , prior to  
seq u en tia l  a f f i n i t y  chromatography o f  the protein  M1 -co n ta in in g  frac­
tion  on ATP-agarose in the presence and absence o f  Mg^+ . Further 
p u r if ic a t io n  o f  the M2 subunit was not performed.
Although e s ta b lish e d  methods for the p u r if ic a t io n  o f  the regu­
la to r y  subunit o f  r ib o n u c leo tid e  reductase were a v a i la b le  (Plumer, 
1980; Thelander e t  a l^ , 1980), a method for the preparation o f  homo­
genous c a t a ly t i c  subunit had not been reported. Accordingly, the  
i n i t i a l  focus o f  t h is  research was on the preparation o f  h igh ly  
p u rif ied  M2. However, the o b je c t iv e  o f  t h i s  research was to  in ves­
t i g a t e  th e  p h y s ic o c h e m ic a l  c h a r a c t e r i s t i c s  o f  th e  complementary  
subunits o f  r ib o n u c leo tid e  reductase from c a l f  thymus.
Attempts to further purify protein M2, s ta r t in g  with crude 
preparations obtained by the method o f  Plumer (1980), by chromato­
graphy on DEAE-cellulose were without success  s in ce  the subunit i s  not 
h igh ly  resolved  during g r a d ie n t-e lu t io n  o f  the column. In c o n tr a s t ,  a 
p u r if ic a t io n  o f  the M2 subunit was obtained by preparative i s o e l e c t r i c
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focusing and sucrose grad ient c e n tr i fu g a t io n .  A fr a c t io n  o f  pHj = 5 . 5  
exh ib ited  enzyme a c t i v i t y  when combined with protein  M1. The prepara­
tion  sedimented as a major protein  peak o f  6 .4  s during sucrose  
gradient c e n tr ifu g a t io n .  A n alysis  o f  the 6 .4  s fr a c t io n s  on gradient  
g e l  e le c tr o p h o r e s is  revealed  two components o f  molecular weight (Mr ) =
107,000 and 160,000. However, the f in a l  protein  y ie ld  was very low 
(< 75 ug) and in a d d it io n ,  the protein  M2 a c t i v i t y  was unstab le  to  
gradient c e n tr ifu g a t io n  at t h i s  l e v e l  o f  p u r ity .  Therefore, a method 
for obtain ing the M2 p rote in  from p u r if ied  n on -d issoc ia ted  ribonu­
c le o t id e  reductase was sought.
P u r if ic a t io n  o f  R ibonucleotide Reductase from C alf Thymus 
The p u r if ic a t io n  procedure for in ta c t  r ib on u cleo tid e  reductase  
from c a l f  thymus was patterned a f te r  that o f  Engstrom e t  a l .  (1979) 
with m odifica tion  o f  the DEAE-cellulose column step  as described by 
Plumer (1980). Furthermore, the p rotoco l was s im p li f ie d  by d e le t io n  
of the hydroxylapatite  column procedure and replacement o f  the g e l  
chromatography d e s a lt in g  step  with d i a l y s i s .  Comparison o f  the  
r e s u lt s  for the p u r if ic a t io n  o f  c a l f  thymus r ib on u cleo tid e  reductase  
using the s im p lif ie d  procedure described above and the o r ig in a l  method 
of Engstrom e t  a l .  (1979) in d ic a te s  that both pro toco ls  y ie ld  products 
o f  s im ilar  q u a lity  and amount. The y ie ld  o f  t o t a l  enzyme u n its  from 
the ammonium s u l fa te  p r e c ip i ta t io n  s te p ,  approximately 5055 as compared 
to the t i s s u e  homogenate, was s ig n i f i c a n t l y  l e s s  than the near quan-
% m
t i t a t i v e  recovery reported prev iously  (Engstrom ^ t  aT ., 1979). Also,
a f te r  normalization o f the s p e c i f i c  a c t i v i t y  data to  compensate for  
d if fe r e n c e s  in the CDP concentration o f  the r ib on u cleo tid e  reductase
assay (Plumer, 1980) as compared to that o f  Engstrom e t  a l .  (1979),  
the s p e c i f i c  a c t i v i t y  o f enzyme prepared by the modified procedure 
described above i s  approximately one th ird  o f  that reported for the  
o r i g i n a l  p ro ced u re .  For a h ig h ly  p u r i f i e d  enzyme p r e p a r a t io n  
(approximately 3 0 0 0  f o l d ) ,  t h i s  d if fe r e n c e  i s  probably not s i g n i f i ­
cant. Also, SDS-polyacrylamide g e l  e le c tr o p h o r e s is  o f  the h igh ly  
p u rified  r ib on u cleo tid e  reductase in d ic a te s  that the M2 subunit occurs  
in sub sto ich iom etric  q u a n t i t ie s  in the in ta c t  enzyme preparation, a 
f in d in g  c o n s is te n t  with previous r e s u l t s  (Engstrom e t  a l . , 1979).
P u r if ic a t io n  o f  the Complementary Subunits o f  R ibonucleotide Reductase 
ATP has been shown to induce changes in the sedim entation  
behavior o f  r ib on u c leo tid e  reductase from c a l f  thymus (Eriksson e t  
a l . , 1977), human c e l l s  (Chang and Cheng, 1979), and Ehrlich tumor 
c e l l s  (K lippenstein  and Cory, 1978). Plumer (1980) reported an 
a c t iv a t io n  o f  the p a r t ia l ly  p u r if ied  c a l f  thymus enzyme by 4 mM ATP 
and in h ib it io n  o f  the enzyme a c t i v i t y  at higher n u c leo tid e  concentra­
t io n s .  These observations were proposed to r e s u lt  from an ATP-induced 
enzyme d is s o c ia t io n  (Plumer, 1980). A modified method c o n s is t in g  o f  
ion-exchange chromatography in  the presence o f  ATP was then developed  
to separate the complementary subunits o f  crude c a l f  thymus ribonu­
c le o t id e  reductase . This method takes advantage o f  the changes 
induced in the oligom eric p rop erties  and charge o f  the enzyme under 
these  con d ition s  (Plumer, 1980). The binding o f  ATP to  the M1 subunit  
(Thelander e t  a l . ,  1980) of r ib on u cleo tid e  reductase in the presence  
of 4 mM ATP and 4 mM Mg^H^COO )^ allowed for the nearly  complete 
separation o f the M2 subunit from the M1 subunit a c t i v i t y .  This i s
due to the fa c t  that the M1 subunit i s  more s tro n g ly  absorbed onto 
DEAE-cellulose under th ese  cond itions (Plumer, 1980). This procedure 
was thus adapted as a means o f  d i s s o c ia t in g  the complementary subunits  
o f  the h ig h ly  p u r i f i e d  r ib o n u c le o t id e  r e d u c t a s e ,  prepared as  
d escr ib ed .
A pplication o f  t h is  " s p l i t t in g  column" methodology to  the r ibo­
nucleotide  reductase obtained from dATP-Sepharose chromatography 
r e su lt s  in the preparation o f  homogenous prote in  M2 as w e ll  as prote in  
M1. This i s  the f i r s t  report o f  a method by which the c a t a ly t i c  (M2) 
subunit can be obtained in h igh ly  p u r if ied  form. Each polypeptide  
runs as a s in g le  band in SDS-polyacrylamide g e l  e le c tr o p h o r e s is  with 
molecular weights (M^ ) o f  84,000 for M1 and 58,000 for M2. The po ly ­
peptide molecular weight o f  M1 i s  in  good agreement with previous work 
(Plumer, 1980; Thelander e t  _a l.f 1980). The s p e c f ic  a c t i v i t y  o f  the  
M1 protein i s  about 25% o f  that prev iously  obtained by Thelander e t  
a l . (1980) but nearly  tw ice  that obtained by the procedure o f  Plumer 
(1980). However, the s p e c i f i c  a c t i v i t y  o f  the M2 subunit, prepared as 
described above i s  approximately 15 times greater  than that reported  
for a p a r t ia l ly  p u r ified  protein  M2 fr a c t io n  (Thelander e t  a l . ,  1980) 
and i s  the h igh est  reported thus far for the c a t a ly t i c  subunit o f  a 
eukaryotic r ib on u cleotid e  reductase.
There i s  enzyme a c t i v i t y  in the iso la te d  protein  M1 preparation.  
This i s  a ttr ib u ted  to incomplete d is s o c ia t io n  o f  the r ib on u cleotid e  
reductase . Since the presence o f  protein  M2 was not detected  in t h i s  
f r a c t io n  on S D S -p o ly a cry la m id e  g e l s ,  th e  amount o f  p r o te in  M2
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contamination in t h is  pool i s  thought to be in s ig n i f i c a n t  in r e la t io n  
to protein  M1. However, a c t i v i t y  measurements do show the presence o f  
measurable a c t i v i t y .  Thus the presence o f in ta c t  enzyme a c t i v i t y  in  
t h is  preparation in d ic a te s  the a b i l i t y  o f  the r ib on u cleo tid e  reductase  
to e x h ib it  s ig n i f i c a n t  a c t i v i t y  under con d ition s  where the subunit
r a t io  i s  far from u n ity .
Complementary Subunit P h ysica l Composition
Comparison o f  the amino acid composition data for the subunits o f  
r ib on u c leo tid e  reductase from the c a l f  thymus and JE. c o l i  in d ic a te s  
that s ig n i f i c a n t  com positional homology (Marchalonis and Weltman, 
1971; Cornish-Bowden, 1981) e x i s t s  between the regu la tory , but not the 
c a t a l y t i c ,  subunits o f  the enzyme. Although the M1 and B1 p rote ins  
are . re la ted  by s im ila r  fu n c t io n ,  s i z e ,  and amino acid com position,
severa l d i s t i n c t  d i f fe r e n c e s  between these  two polypeptides have been 
d escr ib ed . These d i s s i m i l a r i t i e s  include a reported d i f fe r e n c e  in  the  
number o f  a l l o s t e r i c  e f f e c t o r  binding s i t e s  per c a l f  thymus protein  M1 
dimer as compared to IE. c o l i  protein  B1 dimer, and an e f f e c t  o f  Mg +^
upon the sedimentation p rop erties  o f  the b a c t e r ia l ,  but not the
mammalian, enzyme regulatory  subunit (Thelander, 1973; Thelander e t  
a l . ,  1 9 8 0 ) .
Comparative a n a ly t ic a l  peptide mapping o f  the regu latory  subunits  
o f  r ib on u cleo tid e  reductase from c a l f  thymus and JE. c o l i  was performed 
to  in v e s t ig a te  the p o s s i b i l i t y  that th ese  two polypeptides might be 
s tr u c tu r a l ly  re la ted .  The r e s u lt s  c le a r ly  in d ic a te  d i s t i n c t  d i f f e r ­
ences in the primary s tru ctu re  o f  each p r o te in .  This f in d in g  under­
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scores  the n e c e s s i ty  for a d d it io n a l  s tr u c tu r a l  inform ation, to  be used 
in combination with com positional data, when eva lu atin g  the p o s s ib i l ­
i t y  for s tru ctu ra l homology between po lypeptides  o f  d i f f e r e n t  o r ig in .  
However, the p o s s i b i l i t y  remains that cer ta in  fu n c tio n a l  domains may 
have been conserved and are common to both p o lyp ep tid es .  Examination 
o f  the c r o s s - r e a c t iv i t y  o f  a n t ib o d ie s ,  d irec ted  aga in st  the regulatory  
subunit o f  the IE. c o l i  and c a l f  thymus enzymes, toward the r e sp e c t iv e  
antigens might be a u se fu l  means to  t e s t  t h is  h yp o th es is .  A dditional  
in s ig h t  with regard to t h i s  question  w i l l  obviously  be gained by a 
comparison o f  the sequence data for th ese  prote ins  when the informa­
tion  becomes a v a i la b le .
R ibonucleotide Reductase Complementary Subunit S o lu tio n  Hydrodynamics
A polypeptide molecular weight o f  protein  M1 from SDS-polyacry­
lamide g e l  e le c tr o p h o r e s is  o f  84,000 and a s l i g h t l y  lower value from 
a n a ly t ic a l  g e l  chromatography were obtained. Since the n a tiv e  and 
denatured prote ins  have s im ila r  molecular w eights, t h i s  in d ic a te s  
th a t ,  in the absence o f  a l l o s t e r i c  e f f e c t o r s ,  the n a tive  form occurs  
prim arily  as a monomer. These r e s u lt s  are in  agreement with previous  
work (Thelander £ t  a l . , 1 980) .-
A polypeptide molecular weight o f  58,000 has been determined for  
the M2 p rote in . A n a ly t ic a l  g e l  chromatography o f  n a tive  protein  M2 
gave a S to k e 's  radius o f  53 A. This i s  in reasonable agreement with 
the 48 A value a ttr ib u ted  to a 110,000 molecular weight dimer (The­
lander e t  _al. ,  1980). However, when t h is  r e s u l t  was computed with
resp ect  to molecular w eight, a value (185,000) more c o n s is te n t  with a
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tr im eric  o ligom eric  form was obta ined . Further examination o f  the  
oligom eric p rop ert ies  o f  n a tive  M2 p ro te in ,  by c r o s s - l in k in g  with 
dimethyl suberim idate , revea led  that the p u r if ied  M2 subunit e x i s t s  in 
a dimer-tetramer equ ilibrium .
Plumer (1980) has reported the a c t i v i t y  o f  prote in  M2 in  crude 
preparation to be a sso c ia ted  with molecular weight sp e c ie s  o f  87,000  
and 100,000 during g e l  chromatography on B iogel A 1.5 M and Sephacryl 
S-300, r e s p e c t iv e ly .  These r e s u l t s  are c o n s is te n t  with the observa­
t io n  that protein  M2 behaves as a dimeric sp e c ie s  (Thelander e t  a l . , 
1980) or p o ss ib ly  e x i s t s  in a monomer-dimer equilibrium . However, 
when the data were computed with resp ect  to  S to k e 's  rad iu s, Plumer 
(1980) obtained va lues  o f 35.9 A and 35.8 A for the M2 p ro te in . These 
are in con trast  to the 53 A value reported here for p u r if ied  protein  
M2, a ttr ib u ted  to an M2 subunit dimer-tetramer equilibrium  and the 48 
A value (Thelander e t  a l . ,  1980), a t tr ib u ted  to M2 dimer. When com­
pared to s im ila r  data for BSA (M = 67,000; R = 35.5 A), the r e s u ltr s
o f  Plumer (1980) suggests  that the M2 prote in  (M^  = 58 ,000) i s
monomeric, or in monomer-dimer equilibrium . A crude preparation o f  
l e s s  concentrated M2 p rote in  was used in these  determ inations. Thus, 
the oligom eric p rop erties  o f  the M2 polypeptide may be a r e f l e c t io n  of  
the s ta t e  o f  protein  M2 purity  or con cen tration , r e la t iv e  to  other  
p ro te in s .
The sedimentation behavior o f  prote in  M1 i s  a lte red  by the  
presence o f  a l l o s t e r i c  e f f e c t o r s ,  whereas that o f  protein  M2 i s  not 
(Thelander e t  a l . ,  1980). The a c t i v i t y  o f  p u r if ied  c a l f  thymus r ib o ­
n u cleo tid e  reductase , which conta ins  a su b sto ich iom etr ic  amount o f  M2
subunit, was a ssoc ia ted  with a 1 0  s s p e c ie s  during a n a ly t ic a l  g ly c e r o l
» »
gradient c e n t i fu g a t io n , in the presence o f dTTP (Engstrom e t  a l . ,
1979). However, the a c t i v i t y  p r o f i l e  did not correspond to  the  
protein  p r o f i l e  ( ^ 9  s peak) but corre la ted  with the r e s u l t  expected  
for a sp e c ie s  heavier than the major protein  component, M1. This 
r e s u lt  was in terpreted  as in d ica t in g  the occurrence o f  an a c t iv e  
(M1-M2) complex, sedimenting more rap id ly  than the predominant M1 
protein  sp e c ie s  formed in the presence o f  dTTP. Highly p u r if ied  
protein M1 was subsequently shown to  behave as a dimeric s p e c ie s  ( 8 . 8  
s )  in the presence o f t h i s  a l l o s t e r i c  e f f e c to r  (Thelander e t  a l . ,
1980) .
The observations that p u r if ied  prote in  M2 occurs as a dimeric  
s p e c ie s ,  p o ss ib ly  in equilibrium  with a higher o ligom eric  form, in 
conjunction with s im ila r  r e s u l t s  obtained by Thelander e t  a l .  (1980) 
and the demonstration that a c t iv e  r ib on u cleo tid e  reductase i s  heavier
4 >
than dimeric protein  M1 (Engstrom e t  a l . ,  1979) can be used to  p red ic t  
a model for the quaternary s tru ctu re  o f  c a l f  thymus r ib on u cleo tid e  
reductase . The combined data s tro n g ly  suggest that the a c t iv e  enzyme 
i s  formed by the a s so c ia t io n  o f  dimeric sp e c ie s  o f  p rote ins  M1 and M2, 
r e s p e c t iv e ly ,  to  form a tetram eric  complex. I f  so ,  then the quatern­
ary stru ctu re  o f  the c a l f  thymus enzyme i s  homologous to  the s tru ctu re  
o f  the E. c o l i  r ib on u c leo tid e  reductase , which has p rev iou sly  been 
shown to contain dimeric B1 subunit in a s so c ia t io n  with dimeric B2 
subunit (Thelander and Reichard, 1979). The behavior o f  h igh ly
p u rified  M2 protein  as a sp e c ie s  in equilibrium  between dimer and
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tetramer may in fa c t  r e s u l t  from a s e l f - a s s o c ia t io n  o f  dimeric M2 
p r o te in  in  th e  ab sen ce  o f  complementary s u b u n it  or even o th e r  
p ro te in s .  Thelander jjt a l .  (1980) have reported a decrease in  enzyme 
a c t iv i t y  when an excess  o f  protein  M2 i s  added to the M1 subunit. A 
p o ss ib le  explanation o f  these  r e s u lt s  may be that when protein  M2 i s  
present in a more concentrated so lu t io n ,  the equilibrium  o f  o ligom eric  
forms may s h i f t  toward the tetram eric M2 s p e c ie s ,  presumably in a c t iv e .
An in crease  in the e x t in c t io n  c o e f f i c i e n t  o f  the chromophore 
absorbing at 404 run in in ta c t  r ib on u cleo tid e  reductase i s  observed 
when ATP i s  added to the preparation. This e f f e c t  i s  maximized at 4 
mM ATP con cen tration . The CDP reductase a c t i v i t y  p r o f i l e  o f  the c a l f  
thymus enzyme i s  a lso  maximized at t h is  l e v e l  o f  a l l o s t e r i c  e f f e c to r  
(Plumer, 1980). Therefore, under these c o n d it io n s ,  the chromophore 
may function  as a reporter group in d ica t in g  the formation o f  an a c t iv e  
protein M1-M2 complex, p ostu la ted  here to  be (M1 )2 -(M2 )2 » Complex 
formation may a lso  induce a s tru c tu ra l  change at the chromophore 
r e su lt in g  in an increased e x t in c t io n  c o e f f i c i e n t .  The M1, but not the 
M2, subunit o f  c a l f  thymus r ib on u cleo tid e  reductase binds n u c leo t id es  
(Thelander j |t  ja l . ,  1980). Therefore, i t  would have to  be that ATP 
b in d in g  to  the M1 s u b u n it  in f l u e n c e s  the chromophore on th e  
complementary subunit . This in ter -su b u n it  e f f e c t  might be transm itted  
by and r e s u lt  in a conformational change o f  the r e sp e c t iv e  comple­
mentary subunits in the a c t iv e  enzyme complex.
The model described above for the o ligom eric s tru ctu re  o f  a c t iv e  
c a l f  thymus r ib o n u c leo tid e  reductase would a lso  p red ic t  an enzyme
molecular weight o f  284,000, based upon the polypeptide molecular  
weights o f M1 (84,000) and M2 (5 8 ,0 0 0 ) .  Youdale e t  a l .  (1982) have 
reported a molecular weight o f  280,000 for the in ta c t  enzyme from 
regenerating rat l i v e r  but comprised o f  subunits with molecular  
w e ig h ts  o f  4 5 ,0 0 0  fo r  p r o t e in  Ml and 1 2 0 ,0 0 0  fo r  p r o t e in  M2, 
r e s p e c t iv e ly .  More r e c e n t ly ,  Cory and F le isc h e r  (1982) have reported  
a molecular weight o f  304,000 for  CDP reductase comprised o f  subunits  
with molecular weight o f  127,000 for M1 and 77,000 for protein  M2, as 
determined by sedim entation equilibrium  o f  p a r t ia l ly  p u r if ied  Ehrlich  
tumor c e l l  r ib on u cleotid e  reductase. A lso , an ADP reductase o f
254,000 molecular weight, from the same t i s s u e  source, comprised o f  
subunits with molecular weight o f  95,000 for protein M1 and 85,000 for 
protein  M2, was d escr ib ed . These authors have proposed that in ta c t  
mammalian r ib on u cleotid e  reductase i s  made up o f  an M2 protein  
component(s) which i s  common for a l l  su b stra tes  and an Ml protein  
component(s) which are s p e c i f i c  for each su b stra te .  However, Chang 
and Cheng (1979) and Eriksson e^ t a l .  (1979) have reported that only  
one p r o te in  M1 s p e c i e s  c a t a l y z e s  the  r e d u c t io n  o f  a l l  four  
ribonucleoside  diphosphates. These protein  M1 preparations may be 
r e s o l v a b l e  i n t o  more s u b s t r a t e  s p e c i f i c  components (Cory and 
F le is c h e r ,  1982). Therefore, in  addition  to  d i f fe r e n c e s  in the 
reported molecular weight o f  the mammalian r ib on u cleo tid e  reductases  
and th e ir  component sub u n its ,  agreement on the number o f  sp e c ie s  o f  
protein M1 has not, as y e t ,  been achieved.
The Role o f Iron in the R ibonucleotide Reductase Mechanism
« •
In contrast to  r e s u l t s  reported by Engstrom e t  a l .  (1979), the  
a c t i v i t y  o f  h igh ly  p u r if ied  r ib on u cleotid e  reductase , prepared as
described above, was stim ulated  nearly  two fo ld  by the add ition  o f  
exogenous iro n , an e f f e c t  reported for the enzyme from other mammalian 
t i s s u e s  (Hopper, 1972, 1977; Moore, 1977). A s im ila r  s tim u la tion  o f  
a c t iv i t y  by added cofactor  was reported for homogenous protein  M1 
assayed in the presence o f  p a r t ia l l y  p u r if ied  protein  M2 (Thelander e t  
a l . , 1980). The requirement o f  protein  M 2-associated iron for c a l f  
thymus r ib on u cleo tid e  reductase a c t i v i t y  has been c le a r ly  e s ta b lish e d  
(Plumer, 1980). In t h is  study, the d i f f e r e n t i a l  e f f e c t  o f  a metal 
ch ela t in g  agent upon the complementary subunits was examined. Treat­
ment o f  p a r t ia l ly  p u r if ied  protein  M2, but not protein  M1, with EDTA 
r e s u lt s  in complete enzymatic in a c t iv a t io n  when the complementary 
subunits was re-mixed for assay. Thus, these r e s u l t s  demonstrated 
that the r ib on u cleo tid e  reductase iron cofactor  was s p e c i f i c a l l y  
p r o te in  M 2 -a s s o c ia te d  (P lum er, 1 9 8 0 ) .  EDTA may i n h i b i t  enzyme 
a c t i v i t y  by forming a complex with the protein  M 2-associated iron in
s i t u  or by removing the metal c o fa c to r .  R e-activa t ion  o f  EDTA-treated
59c a l f  thymus r ib on u cleo tid e  reductase with F e (II )a sco rb a te  has been 
described (Engstrom e t  a l . ,  1979). A peak o f  r a d io a c t iv i ty  co sed i­
ments with the protein  during gradient c e n tr i fu g a t io n .  Thus, the  
ch e la t in g  agent may remove at l e a s t  some iron from an iron binding  
domain o f  r ib on u c leo tid e  red u ctase .
Atomic absorption a n a ly s is  in d ic a te s  that h igh ly  p u r if ied  c a l f  
thymus r ib on u cleo tid e  reductase M2 subunit contains 3 g-atoms Fe per 
mole o f protein  M2 monomer. This r e s u l t  i s  s ig n i f i c a n t l y  d i f f e r e n t  
from the reported 1 g-atom Fe per mole o f  c o l i  protein  B2 monomer
(Brown e t  a l . ,  1969a). Since the add ition  o f  exogenous iron to  the
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enzyme assay s t im u la te s  c a l f  thymus r ib o n u c leo tid e  reductase a c t i v i t y ,  
protein M 2-associated iron may be e ith e r  fu n c t io n a l  or n o n - s p e c i f i -  
c a l ly  bound. That the degree o f  s t im u lation  i s  t y p ic a l ly  nearly  two 
fo ld  may in d ic a te  that approximately 50% o f  the c a t a l y t i c a l l y  a c t iv e  
M2 prote in  contains a f u l l  complement o f  iro n . However, i t  i s  not 
c l e a r  w hether exogenous ir o n  s t i m u l a t e s  non-EDTA t r e a t e d  enzyme 
a c t iv i t y  by in te r a c t in g  with iron already a sso c ia ted  with the M2 
subunit, by occupying vacant metal binding domains, or by forming a 
complex with s u b s t r a t e ( s ) .
Since the c a l f  thymus enzyme behaves d i f f e r e n t ly  toward in h ib i ­
tors  such as hydroxyurea and 2 '-d eoxy- 2 ' -a z id o c y t id in e  diphosphate  
than the E. c o l i  r ib o n u c leo tid e  reductase , i t  has been suggested that  
the c a l f  thymus enzyme may not contain  a permanent free  r a d ic a l  (The­
lander e t  a l . , 1980). Recent EPR s tu d ie s  in vo lv in g  hydroxyurea-
r e s i s t a n t  mouse f ib r o b la s t  3T6 c e l l s  (Skerblom e t  a l . ,  1981) and
p seud orab ies-in fected  mouse f ib r o b la s t  L c e l l s  (Lankinen e t  a l . ,  1982) 
have demonstrated the occurrence o f  a c h a r a c t e r i s t ic  EPR s ig n a l  
resembling that o f  the B2 subunit o f  E_. c o l i  r ib o n u c leo tid e  reductase .
In the case o f  the hydroxyurea r e s i s t a n t  c e l l  l i n e ,  i s o to p ic  s u b s t i ­
tu t io n  experiments and EPR s p e c tr a l  a n a ly s is  demonstrated that a 
ty r o sy l  f r e e -r a d ic a l  i s  lo c a l iz e d  in the M2 subunit (Graslund e t  a l . ,  
1982).
Although the s e n s i t i v i t y  to  hydroxyurea was the same for  both the 
mammalian and b a c te r ia l  enzymes, r ib o n u c leo tid e  reductase from both 
c a l f  thymus and mouse f ib r o b la s t  c e l l s  was apparently 75 tim es more
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s e n s t iv e  to 2,3,4-trihydroxybenzohydroxamic acid than the E. c o l i  
enzyme (Kjoller-Larsen e t  a l . , 1982).  Also,  both i n h ib i t o r s  act
r e v e r s ib ly  with the mammalian but not the b a c t e r ia l  enzyme. The d i f ­
ferences  in r e a c t i v i t y  o f  the polyhydroxybenzohydroxamic ac id ,  which 
l ik e  hydroxyurea acts  as a rad ica l  scavenger,  towards the mammalian 
and £ .  c o l i  r ibon u c leo t id e  reductase i s  s i g n i f i c a n t .  Kjol ler-Larsen  
e t  a l . (1982) have suggested that t h i s  may r e f l e c t  d i f f e r e n t  topolo­
g i e s  o f  the a c t iv e  s i t e s  with the s i t e  in the mammalian enzyme being  
more exposed. Such a d i f f e r e n c e  might explain  the non-productive  
in te r a c t io n  ( in h i b i t i o n )  o f  the !)1 and M2 subunits ,  in mixing assays  
of  E. c o l i  r ibonuc leot ide  reductase and crude protein M2. The 
formation o f  a protein B1-M2 complex may be c a t a l y t i c a l l y  i n a c t iv e ,  
due to a mismatch in s tru c tu r a l  elements from each complementary 
subunit contr ibut ing  to the enzyme a c t iv e  center .
The ty r o sy l  f r e e - r a d i c a l s  o f  both c o l i  and T4-induced E,. c o l i  
r ibonuc leot ide  reductase are s t a b i l i z e d  by the presence o f  a binuclear  
F e ( I I I )  cen ter ,  an t i ferro m a g n et ica l ly  coupled through a u-oxo bridge  
(Petersson e t  a l . ,  1980; Sjoberg e t  a l . ,  1982).  The b inuclear iron 
center has a l so  been postulated to a l so  occur in protein  M2 from mam­
malian sources  (Graslund e t  a l . ,  1982). However, the r e s u l t s  reported  
here have r e v e a l e d  s e v e r a l  d i s t i n c t  p h y s i c o c h e m ic a l  d i f f e r e n c e s  
between protein M2 from c a l f  thymus and protein  B2 from EL c o l i . 
S p e c i f i c a l l y ,  d i s s i m i l a r i t i e s  in the polypeptide s i z e ,  amino acid 
composition, UV-visible  spe c tra l  absorption p rop er t ie s ,  and iron 
content o f  the resp ec t iv e  prote ins  M2 and B2 are in d ica ted .
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Graslund jst a l .  (1982) have r ec e n t ly  described an in te r e s t in g  
d i f f e r e n c e  in the microwave saturat ion  propert ies  o f  the ty r o sy l  
f r e e - r a d ic a l  assoc iated  with the c a t a l y t i c  subunit o f  r ib on u c leo t id e  
reductase from hydroxyurea-res is tant  mouse f ib r o b la s t  3T6 c e l l s  and 
from J£. c o l i . During an EPR experiment, a microwave power-saturation  
e f f e c t  i s  id e n t i f i e d  as a decrease in corrected EPR s ig n a l  amplitude 
as the spectrophotometer microwave power i s  increased .  Power satura­
t ion  i s  due to an i n s u f f i c i e n t  r e laxat ion  o f  resonant unpaired e l e c ­
trons  equal ly  populating two d i f f e r e n t  spin s t a t e s  to  a thermal equi­
librium where the two spin s t a t e s  are populated s l i g h t l y  d i f f e r e n t l y  
as defined by Boltzman's law. The re laxat ion  process i s  normally 
f a c i l i t a t e d  in the presence o f  a paramagnetic sp e c ie s  near the free  
r a d ic a l  under study or by an increase  in temperature. Accordingly,  
the observation that the protein M2, but not protein B2, assoc ia ted  
ty r o sy l  f r e e - r a d ic a l  s ig n a l  was hardly a f fe c te d  at a l l  by microwave 
saturat ion  was noteworthy (Graslund e t  a l . ,  1982). Since these
experiments were performed at a low temperature (77 K), the r e s u l t s  
suggest  that  the unusual f r e e - r a d ic a l  non-power saturat ion  for the 
mammalian enzyme i s  due to  rad ica l  in ter a c t io n  with another paramag­
n e t ic  sp e c ie s .
Examination o f  the magnetic s u s c e p t i b i l i t y  propert ies  o f  protein  
B2 has demonstrated that the binuclear iron center o f  the subunit does 
e x h ib i t  some temperature-dependent paramagnetism (Petersson ejb a l . ,
1980). However, at 77 K and lower the protein B2 sample magnetic 
s u s c e p t i b i l i t y  did not d ev ia te  s i g n i f i c a n t l y  from Curie law behavior,  
which pred ic ts  a l in e a r  r e la t io n s h ip  between magnetic s u s c e p t i b i l i t y
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and the inverse  of  the temperature. These r e s u l t s  are c o n s i s t e n t  with 
protein B2 containing an ant iferrom agnetica l ly -coupled  F e (I I I )  pair 
which at these temperatures i s  only s i g n i f i c a n t l y  populated in the 
diamagnetic ground s t a t e .  The magnetic s u s c e p t i b i l i t y  propert ies  o f  
protein B2 are therefore  only  a t tr ib u ta b le  to  the organic free  rad ica l  
and other paramagnetic ions assoc ia ted  with the prote in .  I f  the  
binuclear iron center a l so  occurs in protein M2 and e x h ib i t s  s im i la r  
prop er t ie s ,  then t h i s  diamagnetic moeity (a t  T < 77 K) would not 
a f f e c t  the re laxat ion  rate  o f  the protein  M2-associated ty ro sy l  
f r e e -r a d ic a l .  Thus, the power non-saturation behavior o f  the protein  
M2 radica l  sp ec ie s  would r e s u l t  from ty r o sy l  f r e e - r a d ic a l  in tera c t io n  
with other paramagnetic ions  assoc iated  with the subunit .
Atomic absorption a n a ly s i s  o f  homogenous prote in  M2 from c a l f  
thymus in d ica te s  the presence of  6 g-atoms Fe per mole o f  protein M2 
dimer. I f  two o f  these iron atoms are assoc ia ted  with the putat ive  
ant i ferrom agnet ica l ly  coupled binuclear F e (I I I )  center o f  the dimeric  
M2 subunit ,  then the unaccounted for iron atoms may be located in
another type o f  iron binding domain(s).  Furthermore, i f  the domains 
contained the paramagnetic Fe^+ s p e c ie s ,  then the metal might in te r a c t
with the protein M2 ty ro sy l  f r e e - r a d ic a l .  This in ter a c t io n  would
explain  the f a c i l i t a t e d  re laxat ion  and concomitant non-power-satura-  
t ion  behavior o f  the protein M2 radica l  at 77 K (Graslund e t  a l . ,
1982) .
Comparison of  the iron a c t iv a t io n  e f f e c t ,  the iron content o f ,  
and the spec tra l  propert ies  o f  c a l f  thymus protein M2 with beef  heart
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a co n i ta se ,  another non-heme iron-conta in ing  p ro te in ,  suggests  the 
occurrence and i d e n t i t y  o f  a p o ss ib le  paramagnetic iron center o f  the  
mammalian r ibonucleot ide  reductase .  The ro le  o f  non-heme iron in the  
a c t iv a t io n  and c a t a l y t i c  mechanism of  beef  heart aconitase  has been 
the subject  o f  both specu la t ion  and debate (V i l la franca  and Milvdan, 
1971; Glusker, 1972). However, Kurtz e t  a l .  (1979) have recen t ly  
demonstrated that a co n i ta se -a sso c ia ted  iron occurs as a ferrodoxin-
2 -  3_
type binuclear iron c l u s t e r .  The s in g le  [Fe2 S2 (RS)jj] ’ c l u s t e r  per 
aconitase  monomer i s  analogous to  those prev iously  reported to  occur 
in the spinach c h lo r o p la s t  ferredoxin  (Orme-Johnson and Orme-Johnson, 
1978). Aconitase preparations containing the ir o n -su l fu r  c lu s t e r  in 
the oxidized (2-)  form are enzymatically  in a c t iv e  and ex h ib i t  a char­
a c t e r i s t i c  EPR s ig n a l  centered at g = 2 .0 1 ,  s im i la r  to  that  observed 
in the "High Potent ia l"  ferredoxins  from ba c ter ia .  Reduction o f  the 
ferredoxin-type  Fe-S c lu s t e r  y i e l d s  a c t iv e  aconitase  but ab o l i sh es  the 
EPR s ig n a l .  Both c y s te in e  and ascorbate are e f f i c i e n t  reducing 
agents ,  but only when ferrous iron i s  present (Ruzicka and Beinert ,  
1978). I t  i s  not c lear  whether any o f  the iron i s  incorporated into  
the aconitase  a c t iv e  center or whether exogenous iron f a c i l i t a t e s  
e f f i c i e n t  Fe-S c lu s te r  reduction.
The e l e c t r o n ic  spectrum o f  aconitase  i s  characterized by a broad 
t r a n s i t io n  in the v i s i b l e  region near 410 nm. Extrusion o f  the Fe-S 
c lu s t e r  has been performed in the presence o f  a large  excess  o f  
extruding t h i o l  (o-xyl-CSH)^ = o - x y l y l - a, , a ' - d i t h i o l )  in a protein  
denaturing medium (80% hexamethylphosphoramide). Core extrusion
r e s u l t s  in the formatioin o f  a [Fe2S2^s 2“°~o x y l 4^  ^ complex
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d isp lays  an absorption spectrum s im i lar  to  n at ive  a c o n i ta se ,  but with 
a s l i g h t l y  increased e x t in c t io n  c o e f f i c i e n t  = 11,000 1/M*cm)
(Kurtz e t  a l . ,  1979). The function of  the ir o n -su l fu r  c l u s t e r  in
aconitase  i s  not c l e a r ly  understood. Ruzicka and Beinert  (1978) have 
suggested that  the Fe-S c lu s t e r  may be the a c t iv e  center  for aconitase  
action or i s  a sensor for the ox idation-reduction  p o t e n t ia l  o f  the 
environment, which i s  involved in enzyme a c t i v a t i o n .  I t  i s  in t e r ­
e s t in g  that  aconitase  i s  one o f  the few ir o n -su l fu r  protein  not  
involved in a redox r e a c t io n .
Ribonucleotide reductase from c a l f  thymus i s  ac t iva ted  nearly
two-fold in the presence o f  exogenous iron.  F e d l D C l ^  and F e ( I I ) -
ascorbate at  a concentration o f  60 uM are equal ly  e f f e c t i v e  in
a c t i v i t y  s t im u la t ion .  Also ,  the presence of  6 .2  mM DTE in the assay
mixture causes q u a n t i ta t iv e  reduction o f  the f e r r i c  to  ferrous iron .
Therefore,  the a c t iv a t io n  cond it ions  are analogous to  these  reported
for a co n i ta se .  The iron content o f  homogeneous prote in  M2 i s  greater
than that  which could be accounted fo r ,  i f  the dimeric M2 subunit
contained a s in g le  b inuclear F e ( I I I )  c lu s t e r  as does IE. c o l i  protein
B2. The e l e c t r o n ic  spe c tra l  propert ies  o f  c a l f  thymus protein M2 are
s i g n i f i c a n t l y  d i f f e r e n t  from those  o f  E_. c o l i  protein B2. However, the
v i s i b l e  e l e c t r o n ic  spectrum o f  homogeneous M2 protein i s  comparable to
the spectra o f  the Fe-S c l u s t e r  in the oxidized form o f  acon itase  and
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the [Fe2S2 (S2 - o - o x y l ) 1j] complex (Kurtz e t  a l . ,  1979). F i n a l l y ,  the  
power non-saturation c h a r a c t e r i s t i c  o f  the protein M2 ty r o sy l  f r e e -  
radica l  o f  hydroxyurea r e s i s t a n t  mouse 3T6 c e l l s  suggests  the presence  
o f  another iron center  which i s  d i s t i n c t  from the putat ive  a n t i f e r r o -
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m agnetical ly  coupled F e ( I I I )  pair in protein M2 (Graslund e t  a l . ,
1982).  Therefore, I propose that  each M2 polypeptide o f  the mammalian
2 -  3-r ibonuc leot ide  reductase may contain a ( F e ^ ^ R S ^ )  ’ c l u s t e r ,
s im ilar  to that which occurs in a con itase .  A co r o l la r y  to t h i s  
hypothesis  i s  that the mammalian M2 subunit  d i f f e r s  from the b a c t e r ia l  
B2 protein in that  i t  may contain two s t r u c t u r a l ly  d i s s im i la r  iron 
c en ters ,  instead o f  the s i n g l e  b inuclear  iron binding domain o f  the B2 
protein.
Graslund eit a^l. ( 1 9 8 2 )  have r e p o r te d  t h a t  in c u b a t i o n  o f  
hydroxyurea-inact ivated r ib o n u c leo t id e  reductase with DTE (10 mM) 
under aerobic cond it ions  leads  to r a d ic a l  regenerat ion .  Furthermore,  
the presence o f  Fe2+ (10 uM) in addit ion to DTE f a c i l i t a t e s  rad ica l  
regenerat ion .  In the B2 subunit  o f  IS. c o l i  r ibonuc leo t ide  reductase ,  
the iron has to be removed and reintroduced as Fe2+ under aerobic  
cond it ions  for regeneration to  occur (Petersson e t  £ l . ,  1980).  These 
in v e s t ig a to r s  propose the regeneration o f  the mammalian enzyme rad ica l  
s p e c ie s  i s  p o ss ib le  s in ce  DTE can reduce Fe2+ in s i t u  in prote in  M2 
but not in protein B2. A subsequent react ion  between Fe2+, t y r o s in e ,  
and oxygen would then generate  both the Fe^+ pair and the oxidized  
tyros in e  r a d i c a l ( s ) .  I f  two ty ro s in e  r a d ic a l s  are produced per iron 
p a ir ,  then the react ion  s to ich iom etry  i s  easy to  account fo r .
The s to ich io m e tr ic  production o f  two ty r o sy l  rad ica l  sp e c ie s  per 
protein  M2 dimer i s  c o n s i s t e n t  with the h ypothet ica l  occurrence o f  one 
i ron -su l fu r  c lu s t e r  per M2 polypeptide ,  assuming that  each polypeptide  
a lso  harbors one rad ica l  s p e c i e s .  A p la u s ib le  react ion  scheme for the
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regeneration of  the prote in  M2 ty r o sy l  f r e e - r a d i c a l ( s) could be d es -
2-
cribed as fo l lows:  1) reduction o f  each [Fe2S2 ^ ^ 4  ^ c l u s t e r  i s
carried out be DTE and f a c i l i t a t e d  (as  in acon itase )  by the presence
o f  exogenous iron, 2)  DTE a lso  reduces the dimeric M2 subunit Fe^+-
0^”-Fe^+ sp e c ie s  to  Fe^+ , 3) in te r a c t io n  o f  a s p e c i f i c  ty r o sy l  res idue
with a reduced [Fe2S2 (RS)^] c lu s t e r  in each M2 polypeptide r e su l t in g
in residue oxidation  would be accompanied by the simultaneous tra n sfer
o f  e lec tro n s  (2) from the Fe-S c l u s t e r s  (one e” per Fe-S c l u s t e r )  to
the 2Fe^+ irons which 4) under aerobic con d it ion s  are ox id ized  to  the  
■p+ 2- 3+Fe -0 -Fe moiety. In t h i s  example, the Fe-S c l u s t e r  func t ions  as 
a redox center in the f a c i l i t a t e d  tran sfer  o f  e l e c t r o n s  from tyro­
s ines  to the binuclear u-oxo bridged iron center .  However, i t  i s  
obvious that  d i r e c t  tra n sfer  may a l so  occur.  Thus, the function o f  
the proposed Fe-S c l u s t e r s  may be as red o x - in d ica to rs ,  which modulate 
enzyme a c t i v i t y  l e s s  d i r e c t l y .
A protein M2-associated t y r o s y l - r a d ic a l  s ig n a l  s im i la r  to  that  
reported for the b a c t e r ia l  enzyme was not detected in pu r i f ied  protein  
M2 or r ibonucleot ide  reductase from c a l f  thymus. This r e s u l t  i s  in 
agreement with a previous report (Thelander and Reichard, 1979). The 
presence of  a paramagnetic center  in the mammalian enzyme may expla in  
why the protein M2-associated rad ica l  s p e c ie s  has only been observed 
in  i n t a c t  c e l l  p r e p a r a t i o n s  (Graslund e_t aJL., 1 9 8 2 ) .  I f  the
r ibonucleot ide  reductase occurs as part o f  a multienzyme complex 
(Reddy and Pardee, 1980), then the enhancement o f  ra d ica l  r e laxat ion  
by in tera c t io n  with a paramagnetic moeity may be lower in the 
"replicase" complex than that  which occurs in a p u r i f ied  enzyme
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preparation.  Also ,  a greater  re la x a t io n  rate  for the ty r o sy l  rad ica l  
sp e c ie s  o f  the pu r i f ied  mammalian r ibonuc leot ide  reductase would cause  
the r a d i c a l - s p e c i f i c  EPR s ig n a l  to  broaden (and diminish)  to the l e v e l  
background n o ise .
Thioredoxin i s  capable o f  replacing  DTE in the regeneration o f  
the protein M2-associated rad ica l  s p e c ie s .  By analogy with the 
oxidat ion-reduct ion  propert ies  o f  prote in  B1, prote in  M1 may a l so  
p a r t ic ip a te  in the r e a c t iv a t io n  process (Graslund e t  a l . ,  1982).
However, th ioredoxin  has a regulatory function  in photosynthes is ,  by 
m e d ia t in g  the t r a n s f e r  o f  r ed u c in g  e q u i v a l e n t s  from c h l o r o p l a s t  
ferredoxin to acceptor regu la t ing  enzymes (Wolosiuk and Buchanan, 
1977). I t  i s  therefore  p o s s ib le  that  th ioredoxin  reduces the f e r r o -  
doxin-type iron center proposed for protein M2, and thus f a c i l i t a t e s  
r ibonucleot ide  reductase a c t iv a t io n ,  in addition to any protein Mi- 
s p e c i f i c  in te r a c t io n .
The hypothesis  that  the M2 subunit o f  the mammalian r ibonucleo­
t id e  reductase contains  a ferredoxin-type  i r o n -su l fu r  c lu s t e r  provides  
a framework to guide further in v e s t ig a t io n  as to  the nature o f  protein  
M2-associated iron. Several  d i f f e r e n t  methods could be employed to
demonstrate the occurrence, or lack ,  o f  an iro n -su l fu r  c lu s t e r  in
2_
protein M2. These methods would include 1) evaluation o f  S re lea se  
during sample a c i d i f i c a t i o n  (Gillum e t  a l . ,  1977),  2) displacement o f  
the putat ive  iro n -su l fu r  center in the presence o f  an extruding t h i o l  
under protein denaturing condit ions  followed by spectrophotometric  
determination o f  the product complex (Orme-Johnson and Holm, 1978) and
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3) evaluation o f  the EPR spectroscop ic  propert ies  o f  homogeneous M2 at 
ultra - low  temperature (13 K). Drawbacks to the EPR method include the 
n e c e s s i t y  of  working at u l tra - low  temperature (13 K) to slow the  
re laxat ion  rate o f  the ir o n -su l fu r  center ,  p o ss ib le  in ter feren ce  in 
the spectrum due to the presence o f  other chromophores ( t y r o s y l - f r e e  
r a d i c a l ) ,  and a requirement for large amounts o f  sample (10-100 mg) 
(Chammack, 1975). Unfortunately,  the method for protein M2 prepara­
t ion  described here y i e l d s  only 0 .5  mg o f  protein M2/1.5 Kg c a l f  
thymus. Thus, a l o g i c a l  s ta r t in g  point for further i n v e s t i g a t i o n -  
would include modif icat ion  o f  the protein M2 p u r i f i c a t io n  method to 
improve the y ie ld  of  the prote in .  I t  i s  obvious that a number of  
quest ions  perta ining to the nature o f  mammalian protein-M2 iron remain 
unanswered.
In conclus ion ,  i t  i s  o f  i n t e r e s t  to  note the r e la t io n s h ip  o f  
r ibonucleot ide  reductase to other non-heme iron-conta in ing  prote ins .
In general terms, prote ins  containing non-heme iron can be categorized  
as e i th e r  iron -su l fu r  prote ins  or those which contain iron l ig a te d  
through non-sulfur amino acid s ide  chains .  In the former case ,  the  
iro n -su l fu r  c lu s t e r  u sua l ly  mediates e lec tron  flow as i s  the case o f  
rubredoxins and ferredoxins  and/or in ox idation-reduction  react ions  
involv ing enzymes containing other cofactors  such as succ inate  dehy­
drogenase (contains  FAD). The l a t t e r  groups o f  non-heme iron con­
ta in in g  prote ins  can be further del ineated  in to  1) those prote ins  o f  
iron storage ( f e r r i t i n ) ,  iron transport ( t r a n s fe r r in ,  l a c t o f e r r i n ,  
oxygen transport  (hemerythrin) and 2) mixed-function oxidase type 
enzymes (oxygenases) and oxidoreductases .  The oxygenases,  such as
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phenylalanine hydroxylase ,  in many cases  have in addit ion co fac tors  
other than non-heme iron.  These include NAD, NADP, the f l a v i n o i d s ,  
i ro n -su l fu r  c l u s t e r s ,  and heme (Bezkorovainy, 1980).
The absorption spectrum o f  r ibonucleot ide  reductase (B2 subunit)  
from E_, c o l i  most c l o s e l y  resembles that  o f  the oxygen transport  
prote in ,  hemerythrin. Both prote ins  contain an ant i ferrom agnet ica l ly  
coupled binuclear F e (I I I )  cen te r .  However, the ro le  o f  the iron  
center in hemerythrin i s  to  reversably  bind oxygen, whereas the iron  
center in r ibonucleot ide  reductase p a r t ic ip a t e s  in the a c t iv a t io n  and 
s t a b i l i z a t i o n  o f  a second fu nc t ion a l  group, the ty r o sy l  f r e e - r a d i c a l .  
I f  the ty r o sy l  free  rad ica l  sp e c ie s  can be considered a "permanent" 
co factor ,  then the enzyme should be c l a s s i f i e d  as a complex non-heme 
iron-conta in ing  p ro te in .  Furthermore, i f  r ibonuc leo t ide  reductase  
from mammalian sources a l so  contains  an Fe-S c l u s t e r ,  then t h i s  enzyme 
should be more properly categor ized  as a complex iro n -su l fu r  protein  
(Orme-Johnson and Orme-Johnson, 1978).
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